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ABSTRACT
Significant advantages of Variable Polarity Plasma Arc (VPPA)
welding process include faster welding, fewer repairs, less joint
preparation, reduced weldment distortion, and absence of porosity.
In this report, a mathematical model is presented to analyze the
VPPA welding process. Results of the mathematical model have been
compared with the experimental observation accomplished by the GDI

team.



I. INTRODUCTION

The plasma arc is a concentrated energy source commonly
used in welding and cutting processes. It is composed of a
partially ionized gas stream produced by forcing an inert gas
to flow through an electric arc and emerge from a constricting
nozzle. With its high energy density and velocity, the
Plasma arc, when impinging on the workpiece, can create a hole
in the molten pool generated by its heat and can penetrate
through the workpiece. Depending on the operating
parameters employed, this hole may either become self-
healing or remain open as the arc transverses along the
Qorkpiece. A "keyhole" welding process occurs in the self-
healing case, in which the molten metal in front of the arc
flows around the arc column and resolidifies behind the arc.
On the other hand, a cutting operation is achieved if the hole
remains open (O’Brien, 1968).

The plasma welding process is essentially an extension
of gas tungsten-arc welding (GTAW); however, constraining
the arc to flow through a nozzle produces much higher energy
density in the arc and much higher gas velocity and momentumn.
The process produces deep penetration welds by forming a
keyhole in the workpiece by the pressure of the gas flow. The
metal melted in front of the advancing keyhole flows éround to
the rear where it solidifies to form the weld bead. This is
distinct from the essentially surface melting produced by the
GTAW process (which cannot normally penetrate to a depth

equal to the width of a weld pool).
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In 1955 Linde Air Products introduced a plasma arc torch
for metal cutting applications, and by 1965 Linde had
developed an automatic plasma arc welding facility for
Westinghouse Electric Corporation to fabricate a 120 in.
diameter, 3/8 in. thick D6AC steel rocket motor case for the
Titan III-C booster assembly (Miller and Filipski, 1966;
Privoznik and Miller, 1966). The plasma arc welding process
was reported to halve the welding time required. Then in
1965 Thermal Dynamics Corporation reported the use of direct
current reversed polarity (workpiece negative) plasma arc to
join 1/4 in. thick aluminum plate (Cooper et al., 1965). At
the end of the 1960’s, Van Cleave at the Boeing cOmpany began
his efforts to combine the plasma arc process with a variable
polarity feature in which the electrode polarity was
periodically reversed. Alternating electrode potential for
aluminum welding had been investigated as early as 1947
(Herbst, 1947). Difficulties with welding power supplies in
this application were evident early-on. 1In addition, when
variable polarity plasma arc (VPPA) weldihg was used in the
U.S. Army Roland Missile Production Program, development
problems such as arc pressure pulsation were noted (Nunes et
al., 1981; 1983). As a result of VanCleave’s promising work
at Boeing, a VPPA research and development project was
initiated in 1978 at the NASA Marshall Space Flight Center, to
determine the potential for replacing the GTAW system used in
the fabrication of the Space Shuttle External Tank (ET) .

After the original used in the fabrication and process were
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improved, VPPA welding finally exceeded the expectations
(Nunes et al., 1984a; 1984b).

The Space Shuttle ET (diameter 28.6 ft., length 154 ft.)
is the largest known "drop tank," carrying 140,000 gallons of
liquid oxygen and 380,000 gallons of liquid hydrogen. From
the outset of ET production, the conventional GTAW system
operating in the direct current electrode negative mode was
used. With the GTAW system, in spite of the requisite
careful joint preparation, weld porosity and defects had been
ever-present problems since the fabrication of the Saturn
lunar rocket first stage. Therefore, the decision was made
at the outset to use 100% radiographic inspection. Weld
porosity and defects had to be ground out and repaired
systematically.

The VPPA process significantly reduced porosity and
defects with 1less stringent joint preparation and, in
addition, reduced weldment distortion, and speeded up the
welding process.

In this study, the power distribution for an argon
plasma gas has been analyzed along its course through the VPPA
welding system. The study includes the following sections:

(1) Electric potential distribution of straight and

reverse polarities, and potential intensities for
the VPPA welding system;

(2) VPPA welding system electric power input at the

electrode, within orifice, in the free plasma jet

column and in the keyhole of workpiece;
3
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(3)

(4)
(5)
(6)
(7)
(8)

Power loss at electrode, within the gap between
electrode and within orifice, standoff column and
the workpiece;

Determination of plasma arc enthalpy:
Determination of crown and root bead widths;
Determination of crown and root heights;
Determination of leading edge angle of keyhole.
Comparison between molding and experimental

measurements



IX. VARIABLE POLARITY PLASMA ARC WELDING SYSTEM
ELECTRIC POTENTIAL CALCULATION

The significant current carriers in a welding arc are
electrons and positive ions. Electrons carry the bulk of the
current, moving rapidly from negative cathode to positive
anode. The positive ions drift more slowly through the
interelectrode space. In a fixed polarity arrangement, the
differential drift rate results in an asymmetrical heating of
the welding arc’s ends. The cathode receives less heat and
the anode more heat. The straight polarity mode of operation
entails a negative electrode (cathode) and a positive
workpiece (anode). Where the primary object of the weld
process is to deliver the maximum heat to the workpiece with
minimum deterioration of the electrode, straight polarity is
used.

Reverse polarity, which entails positive electrode and
negative workpiece, has the advantage that the workpiece is
subjected to a cleaning process (cathodic cleaning) by the
impingement of positive ions on the wdrkpiece surface.
Recent work suggests that heavy positive ion weight is
irrelevant to the cleaning process which seems to be more 1ike
capacitor breakdown than hammer impact. In the case of
plasma arc welding, reverse polarity action appears to
condition the surface of the aluminum alloy so that the molten
metal flows easily and controllably under the arc. It is
conjectured that this fluid control is accomplished through

breaking up of surface oxide films. Cutoff of reverse
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polarity during VPPA welding transforms a weld metal flow
which closes smoothly and soundly behind the keyhold to an
irreqular, intermittent, globular flow. This process
leaves a rough, lumpy bead sunken below the parent metal
surface and protruding jaggedly from the root of the weld.
However, continuous reverse polarity is not necessary to
provide adequate cathodic cleaning action.

The variable polarity square-wave with unequal straight
and reverse polarity time intervals offered a combination of
the high heating capability of straight polarity with the
cleaning feature of reverse polarity. Adequate cleaning is
obtained by incorporating a relatively short (1/10 to 1/5 the
duration of the straight polarity current) pulse of reverse
polarity current into the welding current waveform.

Figure 1 show the VPPA electric power system. During
the straight polarity mode of operation, it employs a
negative electrode (cathode) and a positive workpiece
(anode) ; during the reverse polarity mode of operation it
employs a positive electrode and a negétive workpiece.
Figure 1 at left illustrates the straight polarity mode; at
right, reverse polarity mode.

Calculation of electric potential can be obtained from
the following formulations:

(A) Por Straight Polarity

VE=VF-AVA—¢U
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Va? = Vg’ + av, + $p

t

€g = Reverse Polarity Rise = A + B
: t, + t_

where A, B = constant varying with workpiece

materials
t, = Straight Polarity Time Period
t. = Reverse Polarity Time Period
aVp™ = aVjp. =V, - Ve, =V,
avy™ = aVyaip. = V. - V,,

For Potential Intensities

Electric potential intensities of the plasma fluid in
the plasma column can be calculated from the electric
conductivity, ¢p, of plasma fluid at the location of
interest. The value of electric conductivity at the
location of interest is determined by the local plasma jet
pressure and temperature. By using the data provided by
Devoto (1973), Lancaster (1986) has calculated the
electrical conductivity of argon plasma gas as it varies
with temperature at one atmosphere pressure. Figure 2
shows the variation of argon gas electrical conductivity

with temperature at one atmospheric pressure. In this model
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calculation, we have divided the lengths of plasma column
along the axial direction into several segments with aL; as
the length of segment i. Joule heating, and radiative and
convective heat transfer losses at the segment i are
calculated with the assumed value of electric potential
intensity of that segment, (aV/sL) ', and the given inlet
values of power and enthalpy of plasma fluid at that
segment. Outlet values of power and enthalpy of plasma -
fluid at that segment are then calculated based on these
parameters. The value of electric éonductivity og,; at
segment i is thus determined from the average fluid
temperature at that segment. The value of average
temperature is obtained from the corresponding average
value of plasma fluid enthalpy at that segment which is
calculated from the average value of inlet and outlet
pPlasma fluid enthalpys at that segment. Electrical
resistance, R;: electric potential difference, aV;; and
electric field intensity, (aV/aLl);, at segment i can be
determined from the computed value of electric
conductivity o ,i at that segment. Convergent solution is
obtained through the trial and error compuations between
the computed value of (aV/aL) ; and the assumed value of
(aV/aL) ;’ at segment i. From these calculations, it is
Clearly shown that the values of electric potential of the
plasma fluid and heat transfer computations are mutually

coupled together. Furthermore, the values of plasma



electrical conductivity fluctuate with local variations of
temperature. The physical parameters affecting the
plasma temperature, such as pPlasma and shielding gas flow
rates, radiative and convective heat transfer losses,
values of main and pilot electric currents, standoff
distance, etc., all influence the values of electric
potential and electric field intensity in the plasma fluid.
The effect of shielding gas flow rate occurs through
shielding gas mixing into the plasma standoff colunn L, and
vice versa. The continuous mixing between plasma gas and
shielding gas induced by the pPlasma jet stream in plasma
column results in local variations of species constituent
concentration and temperature along the axial direction.
Thus, the effect of jet mixing in column streams between
Plasma and shielding gases must be taken into consideration
in addition to heat transfer losses in computing electric
potential along the plasma jet. Figure 3 shows the
variation of electrical resistance with temperature for

various argon-helium mixtures.
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IIX. VPPA WELDING SYSTEM ELECTRIC POWER INPUT

VPPA Electric Power Input can be calculated as follows:
+ + + + - - - -

I,"avy"t, + Ip7av ", + I "avV, "t + Ip,7av, "t

Piotal = £+t (3-1)
4 -

where I,* = Straight Polarity Main Current

I,* = straight Polarity Pilot Current
I,” = Reverse Polarity Main Current
I,” = Reverse Polarity Pilot Current

P
Equation (3-1) is the total electric power input of the system which is

the summation of power input for the plasma arc jet in the gap between
electrode and orifice, power input within orifice, power input in free
jet column (standoff), and power input within keyhole of workpiece.
The power input can be itemized, and calculated as follows:
(III-A) Power Input at the Electrode

(In' + Ip*)(aVe = #p)t, + (I,7- I,7)(aV, + g5)t.

PE = (3‘2)
£, + t_

(Joule Heating)

(III-B) Power Input in the Gap Between Electrode and Orifice
+ +
(I*+1, ){z

8Ly, i 4+ (I,7=I,7)| L
! dL 1,1 ) !

PJ11 = (3-3)
t, + t_

-

(III-C) Power Input Within Orifice

This includes power input through the work function of metal

11



Iptent, + I, ¢yt
Py,1 = (3-4)
t, + t_

Power input through anode drop,

IptavVet, + I "av,t_
Py,2 = (3-5)
t, + t_
and power input through Joule heating within the orifice

av av
Im+ g[—_] ALz,l ++(Im-'Ip-) ?[—-J ALz,i t.
dL 2,1 dL 2,1

J,2 = ey
. t, + t_

(III-D) Power Input in the Free Plasma Jet Column (Stand- =
(Joule Heating)
dv
I,* o=

dav
ALs'i + + Im- .2 - AL:,! -

J,3 {37)
t, + t_

It is important to note that shielding gas surrounding th: ; "~
jet, is induced into the plasma jet column due to the flow genc:. iy
the plasma jet stream. Power of shielding gas introduced inte thea
plasma jet, P,,, shown in Equation (4-29), shall be included as a .ot
of the plasma jet power input, in addition to the power input i . i
Equation (3-7).

(III-E) Power Input in the Keyhole of Workpiece

o

This includes power input through the work function of w i.i -
reverse polarity potential rise

Im+¢vt+ + Im-(fg - d.)t.

Py,1 = (3-8a)

t, + t._

and power input through anode and cathode drops

12



I, tav,t, + I,7av .t (3-8b)
t, + t_

PU,Z

(III-F) Total Power Input to the VPPA Welding System

Total power input of VPPA welding system, shown in Equation (3-1)
shall be equal to the summation of power input shown in Equation (3-2)
to (3-8) and plasma jet induced shielding gas power input, P,4, namely

Piotal = Pg+Py, 1 +Py,1+Py,2+P;, 2+P; 3+Py +Py 2 +P gy (3-9)
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IV. POWER LOSS CALCULATION OF VPPA WELDING SYSTEM
(IV-A) Electrode Heat Conduction Loss

A one-dimensional formulation of the electrode heat conduction

loss is given by

(4-1)

Qe = kg * Ag

where
Qg = Electrode Heat Conduction Loss
kg = Thermal Conductivity Coefficient of Electrode
Ap = Cross-sectional Area of Electrode
Ly = Length of Electrode (from tip to water-cooled collet)
Tg - T, = Temperature Difference of Electrode Between Tip and
Collet Position
(IV-B) Radiation Heat Loss Between Electrode and Orifice
Plasma arc heat radiation loss within the gap between electrode
and orifice can be computed from the following equation (Evans and

Tankin, 1967; Cram, 1985):
T(OK) 16 T(OK) 16 :
Qg (W) = Vgy(m?) (4 x 101!9) [1 + ] (4-2)

15000 : 15000

Heat Radiation Loss Within the Gap Between Electrode

where

Qg
and Orifice (W)

Vs = Plasma Arc Jet Volume Within Gap Between Electrode
and Orifice (m?)

T = Absolute Temperature (°K)

(IV-C) Power Loss Within the Orifice

14



Power Loss within the orifice is comprised of the following
items:
(IV-C-1) Heat Convection Loss Within the Orifice

Heat convection loss within the orifice can be computed from the
following formulation of convective heat transfer model (Hsu and

Rubinsky, 1987):

Nu = 0.2233(x*)"0:7455 4 3 66 (4-3)
where
X 1
x+ = e e
R, (Re:Pr) ,
Here

X = Axial Distance, (Distance from the entrance of orifice
to the half distance of the segment of interest)

Radius of Orifice

éﬂ
i

Re = Reynolds Number of Plasma Arc Fluids

Pr Prandtl Number of Plasma Arc Fluids

Nu = Nusselt Number of Plasma Arc Fluids
Subscript m = mean values
Heat convection loss within the orifice, thus, can be computed from

the Nusselt number obtained from Equation (4-3), namely,

(hpla:na = hy)

Cc

(4-4)

k
Qx’c=Nquno—D-o
P

Qy,. = Heat Convection Loss within the Orifice

Heat Transfer Area of Segment of Interests

p
=
I

15
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]

Diameter of Orifice = 2 R,

~
I

Thermal Conductivity of Plasma Arc

Cp Constant Pressure Specific Heat of Plasma Arc
hplasma = Average Enthalpy of Plasma Arc through the Orifice
hy = Average Enthalpy of Plasma in Orifice corresponding
to the Orifice wall Temperature
All thermal properties used in this model are determined at the
temperature corresponding to the average enthalpy of plasma arc.
(IV-C-2) Direct Power Loss to Surface of Orifice
Direct power loss to the orifice surface includes Py, , orifice
work function induced power input; and part of Py,2, orifice anode
drop induced power input, namely
Qu, = Py, + ¥Py, 2 (4-5)
Qx,¢ = Direct power loss from the orifice surface
¥ = Fraction power generated by anode drop lost to orifice
(1-,{)13,,,2 = Plasma arc power input from power generated at orifice
anode drop
(IV-C-3) Electron Collision Power lLoss Within Orifice
Power loss due to free electrons entering the surface of orifice
can be calculated from the following equation:
I (3
e \2
where
Qu,e = Free electron power loss to the orifice

Electron charge = 1.602 x 10-!9 coulomb e

®
I

16



= = -16
K = Boltzman constant = 1.38 x 10 TS/ el x
T = Plasma arc temperature:

and I is the electric current which can be computed as follows:

I ', + I,7¢t.
I = —2 P (4~7)
t, + t_

Total power loss in orifice, Qy, is the summation of Equations (4-4),
(4-5), and (4-6), namely,

Qp = Qx,c *+ Q,c + Qx,e (4-8)
(IV-D) Power Loss from Standoff Column

Power loss from the standoff column includes radiative heat
loss, Q4,r, and convective heat loss, Qg .-

Calculation of radiative heat loss is similar to Equation (4-2)

for that in the gap between electrode and orifice, namely

T(OK) 16 T(OK) 16
Qs,(W)2 Vg(m®) (4 x 1019) {1 + ] (4-9)
15000 15000

where V; denotes plasma arc volume within the standoff column; and T is

the absolute temperature corresponding to the average value of plasma
arc enthalpy. |

Radiative heat loss is strongly dependent on fluid temperature.
This and what follows require trial and error computations.

To compute the convective heat loss, Qg,., from the standoff
column, jet stream mixing theory is employed. Turbulent mixing
between plasma jet and the surrounding shielding gas is shown
schematically in Figure 4a. r, stands for the inner boundary of jet

boundary layer, and r, expresses the outer boundary of jet boundary

17



layer. Both are functions of axial distance X from the outlet end of
the orifice. The inner jet core region, surrounded by r, (x) is a non-
perturbed zone of jet core. The jet boundary layer lies between r, (x)
and r,(x). Jet stream Parameters in the jet boundary layer,
including velocity, temperature and species concentration, vary from
original (pure plasma gas jet) parameters at r = r, to ambient (pure

shielding gas) parameters at r=r,. The jet core extends tox =x,.

Based on the formulations of Abramovich (1963), the boundary
layer within the initial region of jet mixing is governed by the

following equations:

R, = r, l1-m CX (1 - m
= 0.416 + 0.134m + 0.021 — .
cx 1 +m R, \1 + m
‘(1 + 0.8m - o.45m2)J (4-10)
R, - r, (r, = ry) .
= 0.416 + 0.134m + 0.021 (1 +0.8m - 0.45nm )

(4-11)

where R, denotes the radius of orifice; r,, the radius of inner
boundary of jet boundary layer:; r,, the radius of cuter boundary of jet
boundary layer; and X, the axial distance from the outlet end of
orifice to the point of interest. m=uy/u,, where u, is ambient fluid
velocity; :and U,, the original jet flow velocity inside jet core. ¢
is empirical constant which is 0.27 when u,>>u,.

18



Substituting the values of m=0and ¢ = 0.27 in Equations (4-10)

and (4-11), we have

R, - r, [ X
— = 0.27 |0.416 + 0.00567 —] (4-12)
X R,
R, - r, r, . r,
= 0.416 + 0.021 (4-13)
rz - r1 RD

From equation (4-12) , we can solve for the jet inner boundary r, in

term of the axial distance x which is given by

2

— =1 - 0.1123 — - 0.0015
R, R,

r, X X
( (4-14)

RO
Similarly, from Equation (4-13), we can determine the boundary layer

thickness, r, - r,, i.e.,

r, -r, = z {-19.81R, + [392.44R,? + 190.48 (R, - r,) R,]!/?)
’ (4-15)
To determine the axial distance of jet initial region x,, we can
solve Equation (4-14) by substituting r, = 0, i.e.,
Xy

— =8 (4-16)
R

0

In our case, the radius of orifice R, = 1.5875 mm, and the axial
distance of the jet initial region xy; = 8(1.5875) = 12.7 mm. In the
present study, the range of standoff distance considered is between 1
to 10 mm, so that all standoff values considered in the present study
lie within the range of the initial region of jet mixing. Let us
consider velocity, temperature and species concentration profiles

within the range of jet initial region as follows:
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= (1 - 1152 (4-17)
Uy = uy
T, = T
=1 - q (4-18)
Ty = Ty
Ppl
= 1 (4-19)
+
Ppl Psd

where u, and T, denote original velocity and temperature of jet core

respectively; and uy and Ty, the ambient velocity and temperature at
the outer layer of jet.boundary layer, respectively. Dimensionless
coordinate parameter 7= (r, - r)/(r, - ry). pgq and Pp1 denote masses
of shielding gas and Plasma gas per unit of volume within the jet
boundary layer, respectively.

In the present model, the effect of the mole fraction of
shielding gas induced by jet mixing into the plasma column has been
fully taken into consideration.

It is convenient to employ partial pressure P,, and P,,, rather
than density in the calculation. By using equation of state,

Equation (4-19) can be rewritten as

P,d Mpl 1
_— = — = -1 ; (4-20)
Ppl Meqg

Since

We can solve partial pressure Py, and Py, from Equations (4-20) and (4-

21) as follows:
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Py = (4-22)
My, (1
1+ — |—-1
Mgq \m
and
Pld =’PH - Ppl (4-23)

where P,; and P,y denote partial pressures of plasma and shielding
gases, respectively; and M;, and M,,; stand for molecular weights of
plasma and shielding gases, respectively. For example, M,; =39.95
kg/k-mol for argon gas, and M,y = 4.003 kg/k-mol for helium gas.
Also, Py is ambient pressure of gases.

Plasma and shielding gas density, p,; and p.4, can be determined
from Equation (4-18) for temperature profile and Equations (4-22) and

(4-23) for partial pressure of plasma and shielding gases, i.e.,

Po 1M,
p =—l-E (4-24)
Pl R T
Pdesd
pgg = —— (4-25)
RT :

where R denotes the universal gas constant which is 8315 J/kmol K.
Furthermore, plasma and shielding gas enthalpies can be obtained from
the table at their corresponding values of temperature. Finally, jet

stream power P;,, can be calculated from the following integration.

rz .
PJet = I 2®ru (Pplhpl + Psdhsd)dr (4-26)
o

It is noted that p,; = (pp1)gs (Psd)o = 0, h (hp1)o, and

pl
u = u, within the region of jet core. Thus, Equation (4-26) can

21




be rewritten as follows:
Pye¢ = 7r, %y, (pp1)ol(hpy)g +
T2
+ f 2rru (py hpy + pgghyy)dr (4-27)
ry

At the ocutlet end of standoff column, the total power of plasma
jet can be expressed as

P'3,0=P3,1 +P;,3 - Qg,, +Pyy (4-28)
where P; | denotes the plasma jet power at the inlet end of standoff
column (or at the outlet end of orifice); P;,3, the plasma jet power
due to Joule heating within the standoff column; Qg ,r+ the radiative
heat power loss from the standoff column; and Ps4, the induced power
from surrounding shielding gas into plasma jet boundary lavyer,
namely,

Peg = Myq hyoy,y ' (4-29)
Here, h“,lH denotes shielding gas enthalpy corresponding to the
ambient temperature of shielding gas; ins 4+ Mass flow rate of shielding
gas

. T2

m‘d = Jrlznru Pyg dr (4-30)

In this calculation, total power of plasma jet P’;,0 shown in
Equation (4-28), contains the power within the whole cross section of
Jjet boundary layer where temperature varies radially from more than
10* K at the inner layer of jet boundary layer to ambient temperature
(say 298 °K) at the outer layer of jet boundary layer. The welding
process requires sufficiently high temperature difference to

maintain heat conduction and to promote sufficient heat flow to melt
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the workpiece metal. More important than promoting heat flow by
convection is the maintenance of a conducting plasma path for current.
Spot welding electrodes do not have to be hot at all to provide a molten
weld nugget by resistance heating. Resistance heatlng due to plasma
sheath voltage drop and work function drop are more important (Eckert
and Pfender, 1967).

Let R, be a half size of the crown width. This is also equivalent
to the radius of the inlet end of keyhole (See Figure 4b).

Re
P3’o =f 27\'].’11 (pP1 hPl 4 p!d hsd)dr (4-31)
8]

and as R, > r,,

r

2

P3:0 = f 2nru (Ppl hpl + psd hsd)dr + “(Rcz - rzz) Uy pggq (4-32)
0

The difference between P’3,0' calculated from Equation (4-28), and
P; 0, calculated from Equations (4-31) or (4-32), is the convective
heat loss or power increment due to injecting shielding gas Qs,
within the standoff column, i.e.,

Qs,c =P’3,0 - P3,, (4-33)

In short, workpiece heating is mainly contribufed by the plasma
jet, comprising a mixture of pPlasma and shielding gases, with the
power of P; 4. Throughout the keyhole all plasma gas properties used
in heat transfer calculations are based upon the mixture of plasma and
shielding gas established at the inlet of the keyhole.

A detalied descritption of how to determine radius R, will be
disscussed in Section VI of this report.
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(IV-E) Total Workpiece Power Loss

Total power loss in the workpiece is comprised of the following

items:

(IV-E-1) Convective Heat lLoss in Workpiece

Local power loss to the workpiece from heat conduction can be

computed from Equation (4-34), namely,

k (hplllll - hy)
Qy,. = Nu, - A, + — (4-34)
¥4 D CP )

where Nu, is the Nusselt number along the axial direction; A, stands
for heat transfer area per unit length along the axial direction of the
workpiece (A, = nR,) i.e. the plasma contact area in the keyhole taken
to resemble a finger ring comprimising somewhat more than one half of
the circumferencial area of the keyhole; R is the radius of plasma
contact area in the keyhole which varies with respect to axial
distance z and is determined by the calculation; and D is the diameter
of the keyhole equal to twice the effective radius of plasma contact
area (2 R). The rest of symbols are the same as used in the orifice.

The Nusselt number is computed as in Equation (4-3), used in
orifice, which is |

Nu, = 0.2233(z*%*)"9-7455 4 3 g6 : (4-35)
where
b4 1l
+

2zt = —

R (Re-Pr),

Here R denotes effective radius of pPlasma contact area in the keyhole
at the axial locationof z. 2z is the distance between the entrance of
keyhole to the half thickness of the section of interest in the

workpiece considered. The rest of the symbols stand for the u~ni-
' 24



definition used in the orifice.

Total convective heat loss in the workpiece is

L, L, k (hplasma - hy)
Qu,c = Qu,. dz = Nu, &, . - dz  (4-36)
0 z 0 D Cp

(IV-E-2) Direct Power Loss from the Surface of Keyhole

Direct power loss to the keyhole surface includes Py ,1+ the power
generated by the workpiece work function; and part of P, ,, tha pover
é-enerated at the workpiece anode and cathode drops, namely,

Qu,¢ = Pu,1 + ¥Py,. (4--37)
where

Qu,s = Direct power loss to the keyhole surface

¥ = Fraction of power generated by anode and cathode drops
that is transmitted to the keyhole surface
(1-4)P,,, = Power transmitted to the plasma from that generated

at anode and cathode drops
(IV-E-3) Electron Collision Power Loss in Keyhole
Power carried by free electrons into the surface of the keyhole
can be calculated from the following equation:
I (3
Qu,e = — [— KT) (4-38)
e \2
where Q, , denotes power carried by free electfcns in to the keyhole
wall; T, the mean electron temperature entering the wall taken as the
average temperature between plasma arc and wall of keyhole; and I, the
straight polarity component of the transmitted current, which can b=
computed from the following equation:
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Ip't,

I = (4-39)
t, + t_
Thus, total power loss to the workpiece, Q,, is the summation . L. ;a8
computed by Equations (4-36), (4-37), and (4-38), namely
Qv = Qy,. + Qu,c *+ Qv, e (4-40)
(IV-F) Power Discharge Loss
The power carried away by the plasma jet discharge frow i  -it
end of keyhole, Q4i¢s can be computed from the Plasma arc enth i: - 1
mass flow rate, i.e.,
Q4is = (hpl lil})1 +hsdﬁlsd)dis [ -hn)

where the values of hp lﬁlpl and h,dlﬁ.d are the results of integyr . iic i
the cross-section of the outlet end of the keyhole fromr =0 to v = ¢ [
R, 1is the radius of the outlet end of the keyhole. A detailed
description of how to determine R; will be discussed in Section vi o
this report.

Obviously, summation of power loss throughout the entiv: V. os
welding system is equivalent to the total power input of the system,
Ptotalsr namely

Protal = Q¢ + Qg + Qy + Qg + Q4 + Qy, (4-42)

Calculation of power loss at each part of VPPA welding system

will be illustrated in Section VII of this report.
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V. CALCULATION OF PLASMA ARC ENTHALPY
To give an example, the density of argon gas at a pressure of 1
atmosphere and a temperature of 298 °K is

PM,,. 101320 (N/m?) . 39.95 (kg/kmol)
P = 1
Pl R 8315 (N'm/kmol °K) - 298 (°K)

1.6336 (kg/m3)
where

P = Atmospheric pressure

<3
>
]

Molecular weight of argon
R = Universal gas constant
T = Absolute Temperature
The mass flow rate of argon gas in terms of volumetric flow rate car he

computed as

H
]

1 1
(Vv ft’/hr)[ hr/s}[——————— m3/£L3 ],

3600 35.3147 Ar
1.6336 .
= (V ££3/hr)
(3600) (35.3147)
= 1.285 « 10”5 (V £t3/hr) (kg/s)
= 1.285 + 10~%? (V ft3/hr) (g/s)

(V-A) Plasma Arc Enthalpy Within the Gap Between Electrode and
Orifice
Let us assume that entrance and exit ends of plasma arc enthalpy
in the gap between electrode and orifice are hy,y and .
respectively.

The plasma arc power entering the gap, P, i, is the power
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generated at the electrode, Py, minus the power loss by electrode heat
conduction, Q;, namely

Py,1 = Pg - Q (5-1)
Plasma arc enthalpy at the entrance end of the gap, thus, can be

calculated as

Pi,i
hy, | = — (5-2)
m
The plasma arc power at the exit end of the gap, P,,o,, has been"
augmented through Joule heating, P;,,, and diminished through
radiative heat loss, Q;. It is
Pi,o =Py,1 +Pysy = Qg (5-3)
Thus, plasma arc enthalpy at the exit end of the gap can be calculated
from the expression |
Pl + 0

hy, o, = — (5-4)
m

(V-B) Plasma Arc Enthalpy Within Orifice

Let us assume that the enthalpy of the plasma at the entrance and
exit ends of the orifice are h,,; and h,,,, respectively.

The power, P, ;, and enthalpy, h,, i, olf the plasma arc at the
entrance end of the orifice are identical to the power, P, 6, and
enthalpy, h,,,, respectively, of the plasma arc at the exit end of the
gap between electrode and orifice. Thus,

Pa,i =Py, }

h,,; = hy,,

(5-5)

The plasma arc power at the exit end of orifice, P,,,, is

increased by part of the power generated at the orifice anode drop, (1-
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¥)Py,,, and by all the power generated by Joule heating within
orifice, P;,2, and is reduced by convective heat loss to the arifice,
Qx,cr and free electron power loss to the orifice, Qy,,. .3,

Pa,0 = Pa,i + (1=$)Py,, + Py, - Qy,. - Qe [6)

The corresponding plasma arc enthalpy at the exit end of orifice is
hy,0 = —— {5--7)

(V-C) Plasma Arc Enthalpy Within Standoff Column

Let us assume that the Plasma enthalpies sat at the eni .. . and
exit ends of the standoff column are h;,; and h; ,, recgy Y.
The plasma arc power, P;,1r and enthalpy, h, ,1s at the ¢:i o ze

end of standoff column are identical to the plasma arc power, By ,e¢ nd
enthalpy, h,,,, respectively, at the exit end of orifice. Thns,

Py,i = P,,, ]

(5-&)
ha,i = hz,c

.
T e

Plasma arc power at the exit end of standoff column, Y3, . s

increased by Joule heating in standoff column, Py,3, and dindiioe
shielding gas mixing power, Pg 4+ and reduced by radiative heat loss,
Qs,r, and convective heat loss, Qs,cr from ﬁhe same columi:. fThus,
P3,0 = P3,; + Py,; + Py - Qs,r ~ Qs ' (5-9)
The corresponding plasma arc enthalpy at the exit end of standoff
column is
ﬁplhpl + IEl:dhsd

hy,, = , - (5--10)
mpl + Mgy

where the values of lilpl, ﬁl,d, nllplhpll and lh,dh,d are the results of

integration at the Cross-section of outlet end of standoff column £rom

29
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r =0 tor =R, where R, is the half crown width.
(V-D) Plasma Arc Enthalpy Within Keyhole of Workpiece
Let us assume that the plasma enthalpy at the entrance and exit
ends of the keyhole of the workpiece are h,,;and h, ,o0+ respectively.
The plasma arc power, P, , and enthalpy, h, , 1+ @t the entrance
end of the keyhole of workpiece are identical to the plasma arc power,
P;,,, and enthalpy, h, ,or respectively, at the exit end of standoff

column. Thus,
(5-11)

Plasma arc power at the exit end of the keyhole of workpiece,
P,,qs is increased by a portion of the power generated at the workpiece
anode and cathode drops, (1-¢) P,,2, and is reduced by convective heat
loss to the keyhole surface, Qu, ¢ and the loss of hot electrons to the
keyhole, Qy,e- Thus,

Pe,o =Py, + (1=4)P, , = Qu,c ~ Qu,e (5-12)

The corresponding plasma arc enthalpy at the exit end of the
keyhole of the workpiece is

m, hyy + mgghgy

h4,o = - - (5-13)
mpl + Mgy

where the values of m,,;, m,4, @, h,;, and ﬁsdhsd are the results of
integration at the cross-section of outlet end of keyhole from r= 0 to
r = R,.
(V-E) Plasma Arc Enthalpy Discharged from the Workpiece

Plasma arc power, Q4;,, and enthalpy, h,;, discharged from the
keyhole of workpiece is identical to the plasma arc power, P,,,, and

enthalpy, h4,°, at the exit end of keyhole, namely
30



Qgqis = Py,o J

(5-14)
hy; = hJ,o

Calculation of plasma arc enthalpy at each part of VPPA welding

system will be illustrated in Section VII of this report.
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VI. CALCULATION OF CROWN AND ROOT BEAD WIDTHS

Bead width is calculated from the heat absorbed in the workpiece,
Qy. As shown in Equation (4-40) Qu is the summation of convection
heating (the empirical relation actually includes radiation.) from
the plasma, "direct" heating of the surface by current passing through
localized surface voltage drops, and heat carried into the surface by
hot electrons from the plasma.

The heat input source in the keyhole during the actual welding"
process is neither a point source nor a line source along the axial
direction in which the input energy is not uniformly distributed. To
make a calculation closer to the actual situation, we adopted a
calculated result at various locations of z along the axial direction
as a heat source distribution. As the magnitude of the heat source
per unit length along the z axis is closely related to the area of heat
trandfer (radius of keyhole at various locations of z), both heat
absorbed by the keyhole per unit lenth along the axial direction and
the radius of the keyhole at various locations of the z-axis shall be
solved by simultaneous iteration.

The temperature field within the confinéd space between the two
surfaces (assumed nonconducting) of the workpiece is constructed out
of moving heat sources in an infinite continuum. "Image" sources are
added outside the workpiece space so as to produce planes of symmetry
across which no heat flows at the location of the workpiece surfaces.
Given coordinate z zeroed at the top of the workpiece and extending
down into the workpiece body and locating the heat source Qy,6; at

location z, then an image heat source above the top of the plate of
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strength Qy, ; located at -z creates a plane of zero heat flow at z =0,
the location of the top surface of the workpiece. The latter plane
will remain and a further plane of zero heat flow at the site of the
bottom surface of the workpiece will be created if an infinite array of
image heat source pairs is constructed along the z-axis, each heat
source pair of strength Qu,z spaced at * z about an infinite array of
points spaced at 2L, and including z = 0. See Figure 5 for
illustration.

The temperature T, at location (x., Y., z.) within the workpiece
due to the welding power input to the workpiece is then:
u(R; + xc)]

2a

Q'y,; dz

T, - Ty = & (6-1)

iz~

exp [-
4'KKR1

Ty = Ambient temperature of workpiece

K = Thermal conductivity of workpiece
u = Weld speed (in the x-direction)
e = Thermal diffusivity of workpiece

R; = Distance between the i'PM point heat source and the point
of interest

R; is computed as follows:

R; = {x.2 +y. 2+ (z; - 2z,)° (6-2)

1+ (-1)i*!
z, = [i + ] Ly + (-1)0 2 (6-3)
2

Weld bead width is determined by locating the largest value of y,

for which T, = T,, the melting temperature of the workpiece, at z =
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(crown) and z, = L, (root). The weld widths are twice the values
of these y_ 's. A converging computer search routine is used to
make the computation.

One approximation is used in the computations. The summation
is truncated. 35 source points are used, 17 image sources on each
side of the weld heat source. The values of Z; are generated by a
recurrence relation:

z, = z,, + 2L, (6-3)
where the starting values are:

2y =z (6-4)

z, = 2L, - z (6-5)
where 0 < z < L,

Z, (=2z) is the weld heat source position located in the workpiece.

After truncation, Equation (6-1) becomes

17 /
Qv .dz R; + X,
T -T = '_.exp - ( ——— (6‘6)
¢ 7% &, 4xmkR, [-u( 2a )]

As we indicated earlier for thelcomputation of heat source
distribution along the z-axis, the temperature distribution within
the workpiece can be obtained by integrating Equation (6-6) which
is

L,

17 /
Qw Zdz (Ri + Xc)
T -T, = —_— -y— "
¢ e -[i__l., 4nkR, xp [ 2a ]
17 L ol dz (R; + x_) (6-7)
= v, Z exp [_u [~ ] -
15 [ 4nkR; 2a

Adopting temperature T, to be the melting temperature T,, one can
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compute the melting isotherm surface from Equation (6-7). The
geometric distribution of the keyhole can also be obtained for the
maximum radius of the melting widths at various locations of z.
Crown and root widths, 2R_ and 2R_, at the upper and lower ends of
the workpiece can be calculated by a similar method.

Equation (6~-7) is used to compute the temperature distribution
within the workpiece in which Q'mz' denotes the power conducted
away through the workpiece, or the strength of heat source per unit
length at location z. This strength of the heat source in the
workpiece is the heat absorption sz contributed from the plasma
jet, minus a power loss due to the radiative heat transfer from the
surfaces of the workpiece Q,. In the actual numerical integration
of Equation (6-7), Q, is included in Q'y, at various locations of
Zz by a method of weighing.

Since the distributions of Q6 from Equation (4-37) and Qe
from Equation (4-38) inside the keyhole are hard to determine, we
assume the parabolic type of square approximation (see Figure 6 for

schematic expression of the workpiece power distribution),

2
0,=a(l1--2)0 6-8
. (6-8)

where Q denotes either Q,; °r Q,.,- @ is a constant which will be
determined from the integfation of Equation (6-8) based on the
value of Q in which the total value of either Q¢ °r Q,. shall be

conserved. This is

35



L,

L,
- - . 2,3
o-[o,dz-{au =) 0dz

which leads to a = 3/L,, and Equation (6-8) becomes

o, = -I%(l - Tz‘)zo (6-9)

Radiation losses from both sides of the workpiece surfaces are

computed. The radiative heat transfer loss can be computed as

Q. = ZA,eo0T,! (6-10)
where A; denotes a small element i of surface area; €, is emissivity
of the workpiece; T, stands for the average temperature (°K) of the
surface area element A;; and o is Stefan-Boltzman constant (= 5.67
x 1078 w/m?k%).

Workpiece power absorption per unit length along the z-axis

due to melting heat can be computed from the following relation:

Op, . = UPQ.d, (6-11)
where
u = Traveling speed of welding
p, = Density of workpiece

Q; = Melting heat of workpiece
d, = Bead width at position z
Based on this analysis, power transfer per unit length in

workpiece Q'“'z can be computed as follows:

2 Q
o:,z = Qw,c' + T‘(l - —f:) (QW,G + QW,O) = Qm'z = QR( g;lz) (6-12)
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The total net power absorbed by workpiece is then

ol = f 0l .dz (6~13)
[+

Substituting Equations (6-12) in (6-13), we have

ol =0,- 0. -0, 16 14)
where

L‘

0 =[0u,cdz+0,c+0,,

Q

=0vc* et Que

is similar to Equation (4-40), and Q; is from Equation (6-1u;.

Here,

L
On = f Qm,zdz
0

is the total melting power.
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VII. CALCULATION OF PARTIAL PENETRATION OF THE WORKPIECE

In Section VI, we have discussed the weld widths and power
loss in the workpiece. An estimation of full penetration or
partial penetration shall be made before we can proceed the
calculation of Section VI. Before the keyhole is formed for
partial penetration, the plasma jet impinges perpendicularly on the
surface of the weld pool, and is deflected across the weld surizce
radially away from the stagnation area. Thus, the heat trr i v
from the plasma jet to the surface of the weld pool and the w11
of thg heat source used to calculate the temperature field - =
workpiece are different from those of the weld process in 1%
keyhole has been formed in the workpiece.

(VII-A) Weld Pool Convective Heat Transfer

For the case of partial penetration, a concave shape melting
puddle is formed while the plasma jet impinges on the surfac: i
the workpiece. At this moment, there is a very complicated £~
pattern developed within the melting puddle of the molten liqui
metal. It is anticipated that heat transfer process, which causer
the convective heat flow from the plasma jet to the workpiece, ir
also very complicated. It is hard to adopt a very suitable
mathematical formulation to describe convective heat loss from the
plasma jet to the workpiece. 1In this study in the determination o
partial and full penetration of the workpiece, an axial Sy Ry
circular plasma jet, which impinges perpendicularly on the su: T
of the weld pool of the workpiece, is assumed to compute the

convective heat loss problem.
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The power transferred to the workpiece by convection from the

plasma arc jet can be written as:
Qw,c = h'Aw'(leasm = Hw) /cpm (7-1)
where
Plasma arc jet impingement surface area
TR,

R, = Outer boundary radius produced by plasma arc jet on the

>
0

surface of the workpiece (see Figure 4b)

= Average enthalpy of the plasma arc jet on the

plesma

stagnation area A,

H, = Enthalpy of the plasma arc jet at the temperature of
the weld pool

Cn = Specific heat of the plasma corresponding to a
temperature T, at which the enthalpy of plasma is equal
to the mean enthalpy at the temperature of the arc jet
and the weld pool

h = Convective heat transfer coefficient

h can be computed from the following relation (Metcalfe anrd
Quigley, 1975):
N, =0.78 R5pJ? : (7-2)

where the dimensionless parameters are defined as follows:

_ h(2R,)
“* T

- pv(2R,)
M

R

]
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C
x k

Here, v is the average velocity of the plasma arc jet within the
outer boundary on the surface of the workpiece. The rest of the
parameters are the same as that defined earlier. In +this
calculation, the parameters of the plasma are determined based on
the average enthalpy within the cross sectional area of radius R,.

Total power absorbed by the weld pool or the workpiece, Ay

shall be the summation of Equations (7-1), (4-37) and (4-38), il.e.,

Qv =0uvc*+Onc+ Ouoe (7-3)

(VII-B) The Model of Temperature Field and Partial Penetr: . 1
In the determination of the formation of keyhole from ihe
plasma arc jet impingement on the surface of the workpiece, it is
assumed that there is a point source with an intensity of Q, which
moves with a speed of u acting on the surface of the workpiece.
Point source model, proposed by Rosenthal, is adopted to conmjuie
the temperature field of the workpiece created by this moving point

source. The depth of the weld pool, z created by the movirn

m
point source can be computed by the constant temperature surface of
the workpiece molten temperature which is the solid-molten pool
interface of the workpiece weld pool. The impingement‘of the high
speed plasma jet creates an intensive disturbance on the molten
liquid of the workpiece and forms a concave hole on the surface of
the workpiece. It may create a distributed heat source from %h:.
surface of the workpiece to the depth of the weld pool if the
impingement of the plasma jet can reach the bottom of the molten
40

ORIGINAL PACE IS
OF POOR QUALITY

—— ———




pPool. To simplify the calculation , we may assume that there is a
uniformly distributed heat source moving with a speed of u, and
with an intensity of Q./Z, (See Figure 7). The temperature field
of the workpiece can be computed based on the effect of the noving
uniformly distributed heat source. Determination of the depth of
the partial penetration and the formation of the keyhole can be
resulted from the distribution of the constant temperature surface
of the workpiece molten temperature.

The temperature field produced by the point source =i ihe
surface of the workpiece moving with uniform velocity of u .. riue
a moving coordinate with a speed u moved with a point

Location of the point source is at the origin) is

- Q w/

T.-T, = 2 TnkE] exp[—z—"; (R; + x.) 1 (7-4)
where
k = Heat conductivity of the workpiece
a@ = Thermal diffusivity of the workpiece
u = Moving speed of the point source
R, = (x2 + y?+ (z, - z,)%]'2

X, ¥, 2 = Location of the point of interests

zy = (i + 1+ (-1)"')1,

L, = Thickness og the workpiece
Here,

% =9 -q

Q, can be computed from Equation (7-3), and

41
ORIGINAL PAGE IS
OF POOR QUALITY



Q, = Latent power of the workpiece

Zy

= foupdzdz

where

Q; = Latent heat of the workpiece

p = Density of the workpiece

d, = Width of the molten 1liquid of the workpiece at the

corresponding location of z

Put T, = T, (molten temperature of the workpiece) in Equation (7-4),
one can solve the constant molten temperature surface of the
workpiece. The depth of the workpiece molten pool under the effect
of the heat source, thus, can be determined.

The temperature field created by the moving uniformly
distributed heat source with intensity of Q,'/2Z, located from z =
0 to 2, is

(Qw/z ) - u + 75
;2; f kR, exp [-—— (R;+x.) 1 dz (7-5)

where
Ry = [xcz + ycz + (Zx - 25)2] 1/2

1+ (-1)4
2

1., + (-1)iz
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Z;

On = fQ,updzdz
0

2, = Molten metal depth of the workpiece under the effecct of

uniformly distributed heat source

The determination of full penetration or the formation of the
keyhole is dependent upon whether z, is equal to the workpi=ce
thickness L,. In the realistic calculation, adoption of 35 terms
of series summation in Equation (7-5) is good enough to assux:: i‘he
series convergence accuracy of the temperature field determir-.' ' n,
In other words, the adoption of -17 £ i < 17 together with solwving
simultaneous equations of Equation (7-5) and the computatic:
with iteration of related variables are required to solve :he
temperature filed distribution.

It is due to the fact that there is no experimental ..: -
available for the variation of the depth of partial peneticii: ..
with respect to control parameters of the welding processes. Th. -
is no way to compare the model results with the all of the stages
of penetration processes during the plasma arc jet welding. T
this study, model comparison with the experimental results of
partial penetration and the possibility of the formation of the
keyhole are made. |

Equation (7-5) is used to calculate the probability of full
penetration as the lower surface of the workpiece reaches the
molten temperature. For the case of partial penetration, it wi.yv ba
due to the fact that the power supply is too small and/or the weld
speed is too high. So long as the keyhole is formed, Section VI
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will be used to compute the power absorbed by the workpiece in the

keyhole, the weld widths, etc.
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VIII. CAICULAITON OF CROWN AND ROOT HEIGHTS
(VIII-A) Volume Conservation Equation of Materials
Assuming that reinforcement profiles of crown and root beads are
paraboloid, as shown in Figure 8. These paraboloid profile can be
expressed in the following equation:

2y\ "
=h,|1- [—- (8-1)
dC

N

h, = Crown height
d. = Crown bead width
n = Numerical value greater than 1

The cross-sectional area of the crown reinforcement is

a./2 ]
2y
A, =2 he |1 - |— dy
0 de
n
= h.d,
n+1

Similarly, cross-sectional area of the root reinforcement is

A, = h.d,
n+1

h,. = Root height

d,. = Root bead width

Volume conservation requires the equation of the material volum=
provided by welding wire to the reinforcement volume crown and roc:t

beads plus any gaps of holes in the weld site prior to welding:
45



d.h, + dihy = —ad,? — -1, . Wg (8-2)

[4
n+ 1 n+ 1 4 u

d, = Diameter of wire
Vy = Feeding speed of wire
= Welding speed

W Initial gap at the weld seam

g
L, = Thickness of workpiece

(VIII-B) Force Equilibrium Equation

It should be noted that for the sake of tractability the force-
equilibrium analysis has been greatly simplified. Longitudinal
curvature of the weld puddle surface has been neglected as have the
effects of Marangoni circulations and thermal variation of surface
tension. There is a great deal of roonm for improvement of this first,
very rough analysis. The cross-sectional areas a, b, and ¢, defined

in Figure 9 which are given by

d./2
2y\ "
A, =2 h. |1 - |— dy
dc
0
1 dr n+1
=h.d, - h.d, [ (8-3)
n+1 d.
Ay, =d. L, (8~4)
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n
A, =A, =

h.d, (8-5)
n+ 1

The slopes of the reinforcement surfaces at points B (crown)

and D (root), shown in Figure 9, are given by

dz 2nh, (d.\""!
tan Oc = e=— = e ce— at—
dy (y=d./2 d. d.
and
dz 2nh,
tan 0, = — =
dy y=d,./2 d.

It is due to the fact that both 9. and 8, are relatively small, and
we can assume sin6. = tané, and sine, = tane,.
With reference to the free-body diagram shown in Figure 9, the

force equilibrium equation for the body comprising areas a, b, and c is

given by
. 1 (dr n+i n
h.d. - h.d, ——] +d. + L, + d.h,. | pg
n+1 de n+1
h, h, (d,\""! _
=4n|— - — |— ¢ - pd, (8-6)
d, d. \d./

where the first term represents a gravitatibnal force, g being the
gravitational acceleration component perpendicular to the workpiece
surface and directed from crown to root. The second term represents a
surface tension force, ¢ being the molten weld puddle surface tension.
The third term represents a pressure force, S being the mean pressure
acting on the weld crown surface.

(VIII-C) Calculation of Crown and Root Heights in Horizontal

Welding (with Consideration of Gravity Force)

Experience suggests that the effect of external pressure p is
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much smaller than that of the surface tension. Therefore, the E term
will be deleted from the force equilibrium equation (8-6). Crown and
root heights, thus, can be found by simultaneously solving Equations

(8-2) and (8-6) which yield the following expressions:

4 c L Ve
|t e+ )— =4, — - L+ Wy -dp L,

d, rg 4 u
h, =
n 4ne [1 (4, a. 1 d .\ "*!?
a, - d. + —_—— + - d.|—
2
n+ 1 P9 d.\d, d. n+ 1 d.
(8-7)
L 2Vv n
-d,* — - L, + W, - d.h,
4 u n+1
h, = (8-8)
n
dl‘
n+1

(VIII-D) Calculation of Crown and Root Heights in Vertical Welding
(Without Gravity Effect)

The gravity force component g perpendicular to the workpiece

vanishes for the case of vertical welding and also for welding carried

out in space. 1Ignoring both gravity force and external pressure in

Equation (8-6) one obtains

d. n
h., = h, [-—- (8-9)
dc
and substituting this equation to Equation (8-2),
LY
4 u
h, = (8-10)




(VIII-E) Depression of Crown Height During Solidification

Figure 10 shows the configuration of the cross-section of puddle
during the process of solidification. The solid-liquid interface
lies along the melting temperature isotherm, which generally expand
toward the hotter crown and contract towad the colder root. They come
together, thus, first at the root as in Figure 10(B). This leaves a

sector of molten metal which shrinks upon solidification. The height

of the solidified crown must fall to accomodate the shrinkage volume -

reduction as shown in Figure 10(C). The cross-sectional area of the

molten sector in Figure 10(B) can be approximated as
1

A, = —-L, + 4.’ (8~11)
2

where L, stands for the thickness of the workpiece; andd.’, the crown
width in a state of molten metal. Given a volumetric shrinkage, av/v,
a material property, the reduction in area aA_ of the molten material
during solidification is

av 1 AV
—| ==1Lg » 4.’ |— (8~12)
2

\4 v

aA. = A,

From Equation (8-5) for the cross-sectional area of the crown
reinforcement, the reduction in the area can be related to the change
in the crown reinforcement height sh_’

n

n
A, = A [ d.’h.’ d.’ah.’ (8--17)

n+1

n+1

Equating Equations (8-12) and (8-13), leads to

1 Av n
- L4 ¢ d,_' —_—1 = dc'Ahc'
2 v n+ 1

which gives upon simplification
49



n+1 av

¢ 2n \'
Using King’s (1987), value for specific volumetric shrinkage for
aluminum during the solidfication, av/v, is 6.7%. Therefore, crown
height shrinkage for solidification of aluminum Equation (8-14)
becomes

n+1
ah.,’ = 0.067

2n
Detailed calculation results of crown and root heights are

illustrated in Section IX of this report.
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IX. LEADING EDGE ANGLE COMPUTATION
The leading edge angle of the keyhole of workpiece can be
computed from thermal power equilibrium requirements as follows:

cand pvIL +c,(T,-T.) + cq (T,-T,) ] (9-1)
h P, /nDL,

where
= Density of workpiece (*9/m’)

= weld speed (m/s)

A ¢ o

= Melting latent heat of workpiece (“/“)

c, = Specific heat of solid workpiece (Kj/kg'K)
cz = Specific heat of liquid workpiece (Kj/kgﬂq
= Melting temperature of workpiece (K)

= Original temperature (room temperature) of workpiece (K)

Tlﬂ
TO
T, = Temperature of Superheated molten fluid at leading edge (K)
P, Thermal power absorbed by workpiece (Kw)
D = Keyhole diameter (m) or orifice diameter (m)
L, = Thickness of workpiece (m)
® = Leading edge angle

Theoretical computations and experimental measurements from
rubber molds of keyholes (Nichols Research, 1992) are found to be
in good agreement, at least with respect to velocity dependence
except for four measurements at low plasma flow rates, which show
experimental leading edge angles of 6 > or = 30°. In other words,
Equation (9-1) may hold only above some threshold value of plasma
flow rate. Above the threshold value, for reasons not Yet

understood a "beam absorption" model may allow computation of the
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leading edge angle of the VPPA keyhole;

while another concept

appears to be required to deal with this problem when the plasma

flow rate is below the threshold value.
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X. RESULTS OF COMPUTATION AND COMPARISON WITH
MEASUREMENTS MADE BY THE GDI TEAM

A computer implementation of the proposed mathematical model
for VPPA modeling computation is included in the Appendix A; and
for VPPA partial penetration to the formation of the keyhole is
included in the Appendix B. Input data for the computer program is
provided for in Appendix C for aluminum:; and Appendix D for mild
steel. Nomenclature are listed in Appendix E.

For the purpose to explain VPPA modeling computation, and VPPA
partial penetration computation listed in Appendices A and B, two
block diagrams and corresponding explanations are included in
Appendices F and G to explain the structures of VPPA partial
penetration and VPPA modeling computation, respectively.

Model computations have been made and compared with the
experimental measurements accomplished by Nichols Research
Corporation (1992). These comparisons are included in Appendix H
of this report.
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Appendix A
¥xxxxxx¥d COMPUTER PROGRAM FOR VYFFA MODELING ¥¥¥¥ Xk d¥¥kx

FROGRAM WELDROTH.FOR,COMFILED ON FEE. 26,1993

Line source , kevhole diameter is variable along the axi

i

ot kevhole

DIMENSION
DIMEMNSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

FOWL{(11) ,FOWR(11) ,FOWT(11) ,FOWA(11)
ENT1(11) ,ENT2(11) ,ENTI(11) ,ENT4(11), TAEMFL (26&)
@LOS1(10),0LOS2(10),0LOST(10),0L0S4(10) , TAEMSD (26)
TEMF1(11) ,TEMF2(11) , TEMFZ(11) , TEMF4(11) , BHOLE (10)
ELOSZ(10) ,ELOS4(10) ,QSEGM(10) , XSOUR (1Q) , BHOLED (10)
AREA (10) ,DUDL1 (10) ,DUDL2(10) , DUDLZ(10) , OSOUR (10)
R1¢(11),R2(11) ,FLWFL (11) ,FLWSD(11) ,ENERG (11)

COMMON/DATLO/NX, NY,NZ, X (25) ,Y (20) , TM, TO, THK, EFSL, DENS, HFUS I

COMMON MMM

COMMON TABTEM{Z6) , TARIFL (26) , TAECFL (26) , TABKFL (24) , TARISD (76)
COMMON ITMAX, DHMAX,DTMAX
coMMON TAMEI,DNOZL ,FMFL
COMMON TABCSD (26&) , TABKSD (26)
COMMON TW4,MREG4, NREG4
COMMON FLM, SDM
OFEN(S,FILE="C: WELDTAB.USE™")
OFEN(6, FILE="C:WELDIN.USE"™)
OFEN(7,FILE="C: WELLDOU.USE")

READ (5, X)
READ (5, %)
READ (S, %)
READ (S, %)
READ (S, %)
READ (S, %)
READ(S, %)
READ (S, %)
READ (S, ¥)
READ (5, ¥
READ (&, ¥)
READ (b, ¥)
READ (b, ¥)
READ (6, %)
READ (&, %)
READ (&, %)
READ (&, %)
READ (&, %)
READ (6, %)
READ (&, %)
READ (6, %)
READ (&, %)
READ (&, %)
READ (&, )
READ (&, %)
READ (&, %)
READ (&, %)

MMM
(TAETEM(I), I=1,MMM)
(TAEIFL (I), I=1,MMM)
(TAECFL (I}, I=1,MMM)
(TABEFL (I), I=1, MMM)
(TABISD(I), I=1,MMM)
(TABCSD(I), I=1, MMM)
(TAEBESD (I), I=1,MMM)
(TAEMFL (I}, I=1, MMM)
(TABMSD (1), I=1, MMM)
NREG1,NREGZ, NREGT, NREG4S
va, Ve

FIAL,FIAZ,FIAZ

TIME, TIMER
DISL1,DISLZ,DISL3,DISLA
VVE, YWE
AFIL,AFILR, AMAL, AMAIR
DNOZL,DSHID, VFL, VSD
FLMOL , SDMOL , UR

ITMAX, DHMAX, DTMAX

TW1, TWZ, TW4, HSUR?Z, HSUR4
DXW, TAMEI , DFOLAR , AMDW
FSIA,FAMEI, CFSD

ALFA, VWELD

NX, NY

X (1), X INX)

Y (1), Y (NY)

i x
i
i
i
o



10

READ (6, %) TM, TO
READ (&, ¥) THE,EFS
READ (&, %) DENS, HFUSI
VOLFL=VFL/1.2713%5/1.E5
VOLSD=VYSD/1.27133/1.E5
FMPL=VOLFL¥FAMEI*FLMOL/8315. / TAME]
FMSD="OLSD*FAMEI *SDMOL /8315, / TAMEI
UH=VOLSD*¥4./5.14159/ (DSHIDX*2-DNOZLXX2)
AREAW=Z.14159%DFOLARXX2/ 4.
WRITE(7,1030) DISL1,DISLZ,DISLI,DISLA
WRITE(7,1040) AFIL,AFILR,AMAI,AMAIR
WRITE(7,1060) FIAL,FIAZ,FIAS
WRITE(7,1079) VA,VC
WRITE(7,1130) FLMOL,SDMOL,UR
ELOS=1.5%VVE/VE/1.E10
GHW= ( (AMATI+AFIL) % (VC-FIA1) ¥ TIME+ (AMAIR-AFILR) X (VA+FIAL) X
TIMER) / (TIME+T IMER) /1000,
CONDW=AMDWXAREAWY (TW1-TAMEI) /DXW
FOW1 (1) =GHW-CONDW
ENT1(1)=FOW1 (1) /FMFL
CALL INSEF(TAEIFL,TAETEM,ENT1(1),TEMF1 (1))
ELOS1=ELOS¥TEMF1 (1) X (AMAIR-AFILR) ¥TIMER/ (TIME+TIMER)
AMFCF1=( (AMAT+AFIL) ¥TIME+ (AMAIR—-AFILR) XTIMER) / (TIME+TIMER)
DX1=DISL1/FLOAT (NREG1)
GEDL1=3.14159% ( (DFOLAR+DNOZL) /2.) X*2/4. /DX 1
VOLUM1=3.14159% ((DNOZL+DFOLAR) /2.) XXx2/4. ¥xDX1
MREG1=NREG1+1
SUME1=0.
DUEBC=0.
DO 40 M=2,MREG1
N=M-1
DUDL1 (M) =2000.
GLOSL (M) =0,
NN1=0
CONTINUE
NN1=NN1+1
IF (NML.GT.200) THEN
WRITE (%, %)° NN1.GT.200. Erro stop’
STOF
ENDIF
DF1=DUDL1 (N) xDX 1 XAMPCF1 /1000, —QLOS1 (N)
FOWL (M) =FOWL (N) +DF1
ENT1 (M) =FOW1 (M) /FMPL
ENTCF1=(ENT1 (N)+ENT1 (M)) /2.
CALL INSEF(TAEIFL,TAETEM,ENTCF1, TEMCF1)
ELOSL (N) =VOLUM1 %4, %1 .E7% (TEMCF1/15000.) XX16/
(1.+(TEMCF1/15000.) %%16&)
CALL INSEF (TABTEM, TREMFL, TEMCF1,FLMHO)
OHM1=1. /FLMHO/GEOL1
DUDL=AMFCF1%0HM1/DX1
DIFU=1.-DUDL/DUDL1 (N)
IF (ABS(DIFW) .GE.0.00S) THEN
DUDL 1 (N) = (DUDL+DUDL1 (N)) /2.
GO TO 10

k3



EMDIF
DUEC=DUEC+DUDL 1 (M) XxDX 1
SUMRL=3UME1+AL0OS T (M)
CAlL INSEP(TABIFL,TABTEM,ENTI(M),TEMPI(M))
40 CONTINUE
WRITE(7,1170) (FOWL(I),I=1,MREG1)
WRITE (7, 1180) (ENT1(I},I=1,MREGL)
WRITE(7,1190) (QLOS1(I),I=1,NREG1)
WRITE(7, 1200) (TEMF1(I),I=1,MREGL)
WRITE (7,1229) (DUDL1(I),I=1,NREG1)
WRITE(7,1210) SUMRL, DUEC
FOW2 (1) =FOW1 (MREG1)
ENTZ(1)=ENT1 (MREG1)
TEMF2(1)=TEMF1 (MREG1)
AMFCP2=(AMAI*TIME+(AMAIR—APILR)*TIMER)/(TIME+TIMER)
DXZ=DISLZ/FLOAT (NREGZ)
AREAZ=Z. 141S9%XDNOZLXDX2
GEOLZ2=3.14159%DNOZLX%2/4. /DX 2
MREGZ2=NREGZ2+1
WRITE(7,1230)
GHN1=(APIL*FIAE*TIME+AFILR*FIA2*TIMER)/(TIME+TIMER)/1000.
GHN2=(APIL*VG#TIME+APILR*VA*TIMER)/(TIME+TIMER)/IOOO.
SUMRZ=GHN1+FPSIAXGHNT
DUCG="n.
DO 80 M=2,MREGZ
N=M~-1
XM=FLOAT (N) XDX2-DX2/2.
DUDLZ (N) =2000,
GLOS2 (N) =0,
NNZ=0
S0 CONTINUE
MNNZ=NNZ+1
IF(NNZ.GT.200) THEN
WRITE{%,¥%)" Erro Stop ENT3=",ENTZ
STOF
ENDIF
IF(NREGZ.ER. 1) THEN
ELDSE(N)=ELDSXTEMP2(N)*(APIL*TIME+APILR*TIMER)/(TIME+TIMER)
ELSE IF (NREGZ.NE.1.AND.N.E®. 1) THEN
ELDSE(N)=ELDS*TEMP2(N)XAPILXTIME/(TIME+TIMER)
ELSE IF(NREGE.NE.i.AND.N.EE.NREGE)THEN
ELDSE(N)=ELDS*TEMP2(N)XAPILR*TIMEH/(TIME+TIMER)
ENDIF '
DP2=DUDL2(N)*DXE*AMPCPE/IOOO.+(1.—PSIA)*GHNE/FLDAT(NREGE)
kS —ELOS2 (M) —QLOSZ (N)
FOWZ2 (M) =FOWZ (N) +DF2
ENTZ (M) =FOW2 (M) /FMFL
ENTCF=(ENT2(N) +ENT2 (M) ) /2.
CALL INSEP(TABIPL,TABTEM,ENTCP,TEMCP)
caLL INSEP(TABTEM,TABKPL,TEMCP,AMD)
CALL INSEP(TABTEM,TABCPL,TEMCP,CP)
cAaLL INSEP(TABTEM,TABMPL,TEMCP,PLMHD)
COEFC=2. ¥FMFLLXCF/Z. 14159 /AMD

Fage !
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80

XFLUS=COEFC/ XM

VNUX =0, 2232 XFLUSK O . 7455+32 . &6

ALFAXY="MUXXAMD/DNOZL

QLOSZ MDD =aLFAX¥AREAZ Y (ENTCF-HSURZ) /CF

OHMZ=1. /FLMHO/GEOLZ
DUDL=AMFCFZ2¥0HMZ/DX2
DIFU=1.-DUDL/DUDLZ (M)
IF(ABS(DIFU) .GE.Q.QQE)

GO TGO SO
ENDIF
DUCG=DUCG+DUDLZ (M) xDX2

SUMRZ=SUMEZ+ELOSZ (N) +ELDS2 (M)

THEN
DUDLZ (M) =(DUDL+DUDLZ (M) ) /2.

CALL IMSEF(TABIFL,TABTEM,ENTZ2(M) ,TEMFZ(M))

CONTINUE

WRITE (7, 1250)
WRITE (7, 1260)
WRITE(7,1270)
WRITE (7, 1280)
WRITE(7,12%0)
WRITE (7, 1300)

(FOW2(I), I=1,MREG?D)
(ENT2(I), I=1,MREGZ)
(OLOSZ (1), I=1,NREGD)
(TEMF2(I}, I=1,MREGZ)
(ELOSZ (1), I=1,NREGD)
(DUDL2 (I}, I=1,NREGD)

WRITE(7,1310)
WRITE(7,1320)

SUMGZ, DUCG

RO=DNOZL./ 2.
FOW3 (1) =FOWNZ (MREGZ)
MITER=0
CONTINUE
MITER=MITER+1
IF(MITER.GT.200)
WRITE(x,x)°
STOF
ENDIF
ENTZ(1)=FOWZ{1) /FMFL

THEN
Erro Stop

MITER.GT.200,DFF=",DFF

CALL INSEF(TARIFL,TABTEM,ENT3Z (1), TEMFI (1))
DENSO=FAMEBI*FLMOL/8315. /TEMFZ (1}

UOo=FMFL/DENSO/Z. 14159/ROX¥2
ENMERG (1) =FMFPLXUOXX2/2. /1000,

FRE=FOW2 (MREGZ) ~ENERG (1)
DFF=AES (1. -FFF/FOW3 (1))
FOW3 (1) =FFF
IF (DFF.GE. 0. 005)
COEFM=UH/UO
WRITE(7,1340) UH,UO,COEFM
YMID1=(1.—-COEFM) / (1.+COEFM)

GO TO 90

VMID3=1.+0.8%¥COEFM-0.45S%COEFMX X2

DX3Z=DISLE/FLOAT (MREG3)
MREGZ=NREGZ+1

SUMEE=0.

DUGE=0.

F1(1)=R0O

R2(1)=R0O
FLWFL (1) =FMFL
FLWSD (1) =0.



120

AMPCPZ:(AMAI*TIME+QMQIR*TIMER)/(TIME+TIMER)
DO 190 M=2,MREGT

MN=M-1
XI=FLORAT (M) ¥DX3
UYMIDZ=0, 27853
VMID4=VMID1*{0.41é+O.134*CDEFM+Q.021XVMIDEXVMIDixVMIDE/RD)
R1(M)=RO-UMIDZXxVMID4
YMIDA=0. 021 ¥VMIDI /RO
VMIDE=0.41&4+0. 134 XCOEFM
VMIDC=R1 (M) -R
VMIDD=(—UMIDB+SQRT(vMIDB**2—4.*VMIDA*VMIDC))fz.’VMIDA
R2M)=R1 (M) +VYMIDD
NOM=Q
TBEGI=TEMFZ (1)
DENEBEG=DENSQ
DR=(RZ(M)-R1(M)) /10.
DUDLZ (N) =2000.
GEDLI=Z. 14159%R2 (M) xx2/Dx>
CONT INUE
NOM=NOM+1
IF(NOM.GT.200) THEN
WRITE (x,%x)* Erro Stop ITER.IN STANDOFF EXCEED 2007
STOF
ENDIF
FLWFL (M) =Z.14159%R1 (M) X¥2XUOXDENEEG
FLWSD (M) =0,
ENERG (M) =FLWFL (M) XUOX%X2/2. /1000,
CALL INSEP(TABTEM,TABIPL,TBEGI,EBEGI)
FOWER=FLWFL (M) XEBEGI
DO 150 kK=1,10
RMID=FLOAT (k) XDR-DR /2. +R1 (M)
ATA=(RZ (M) -RMID) / (R2 (M) —F1 (M) )
UMID=UO—(UD~UH)*(1.—ATA*#1.5)**2
TMID=TEBEGI-(TBEGI-TAMERI) X (1.-ATA)
PGPL=P§MBI/(1.+(1./ATA—i.)*PLMDL/SDMDL)
FGSD=FAMEBI-FGFL
DENPL=FGFL¥FLMOL/8%15. /TMID
DENSD=FGSD*SDMOL/8315. /TMID
VOLUM=2. %3, 14159XRMID¥DRXUMID
FLWFL (M) =FLWFL (M) +VOLUMXDENFL
FLWSD (M) =FLWSD (M) +VOLUMXDENSD
ENERG(M)=ENERG(M)+(DENPL+DENSD)XVDLUM*UMIDXXE/E./looo.
IF(TMID.GE.3000.) THEN
CAaLLl INSEP(TABTEM,TGBIPL,TMID,ENTPL)
CALL INSEP(TABTEM,TABISD,TMID,ENTSD)
ELSE
ENTPL=TAECFL (1) %TMID
ENTSD=TARCSD (1) %TMID
ENDIF
PDNER=PDNER+VDLUM*(DENPL*ENTPL+DENSD*ENTSD)
CONTINUE
FOWRCF= (FOWER+FQWI (N) ) /2.
FLCF= (FLWFL (M) +FLWFL (N} } /2.
SDCF=(FLWSD (M) +FLWSD (N) ) /2.



150

191
1295

CALL AVERT (FLCF, SDCF, FOWRCF, TARTEM, TABIFL, TARISD, TCF)
VEADI=7. 141394 (RZ (MY +RZ (M) Y Xx2/4.xDX 3
QLOSZ M) =VRADIX¥4. ¥ 1 . E7¥ (TCR/1SQ000. ) ¥K16/ (1. +(TCF/1S000. )Y ¥%1&)
CAtL INSEF(TABTEM, TAREMFL, TCF, FLMHO!
CALL INSEF{TAETEM, TAEMSD, TCF,SDMHO)
CEMHO= ( (FLWPL (M) +FLWFL (N) ) XFLMHO+ (FLWSD (M) +FLWSD (M) 3 ¥SDMHO) /
(FLWRL (M) +FLWFL (N) +FLWSD (M) +FLWSD (N) )
OHMZ=1. /CFMHO/GEDLT
DUDLZE (N) =QHMZ*AMFCFZ/DX3T
DFZ=0HMIXAMFCEIXXx2/ 1000,
FOWZ (M) =FOWZ (M) +DFZ-QLOST (N) + (FLWSD (M) —FLWSD (N} ) XCFPSDXTAMEI —
(ENERG (M) —EMERG (N))
FMF=1.-FOWER/FOQWZ (M)
IF(AEBS (FMF) .GE. 0. 010) THEN
TBEGI=TBEGI* (1.+FMF/10.)
DENEBEG=FAMEBIXFLMOL/8315. /TREGI
UD=UOXFMFL/FLWFL (M)
GO 7O 120
EMDIF
WRITE (¥, 1320) N,NOM,FMF
SUMEZ=SUMRZ+CLOST (M)
CALL AVERT(FLWFL (M) ,FLWSD(M) ,FOWER, TABTEM, TARIFL, TARISD,
TEMPZ (M))
ENTZ (M) =FOWI (M) / (FLWFL (M) +FLWSD (M)
DUGE=DUGE+DUDLZ (N) *DX3
CONTINUE
WRITE (x,1480) (FLWFL(I),I=1,MREGD)
WRITE(7,1480) (FLWFL(I),I=1,MREGD)
WRITE(7,1420) (FLWSD(I),I=1,MREGT)
FAID=FLWSD (MREGZ) xCFSDXTAMRI
RBOUND=RO
ITWID=1
DO 1?1 M=1,NREG4
BHOLE (M) =RROUND
CONT INUE
CONTINUE
ATARE=(RZ (MREGT) ~RBOUND) / (RZ (MREGS) —FR1 (MREG3) )
TEBOUND=TBEGI-(1.—-ATARE) ¥ {TEREGI-TAMEI)
WRITE(7,1540) TEROUND
DR=(R2 (MREGZ) -REOUND) /1 0.
FLLOS=0.
SDLOS=0.
QLOSI=0.
CGETJI=0.0
SDGET=0.0
PO 220 kK=1,10
RMID=FLOAT (K) XDR-DR /2. +REBOUND
ATA=(RZ(MREGZ) -RMID) / (R2 (MREG3I) ~R1 (MREG3))
UMID=UO-(UO-U) ¥ (1. -ATAXX1.5) %2
TMID=TREGI—-(TBEGI~-TAMEBI) X (1.~ATA)
FGFL=FAMBI/ (1l.+(1./ATA-1.) ¥FLMOL/SDMOL)
FGSD=FAMEBI-FGFL
DENFL=FGFL¥FLMOL/B315. /TMID
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DENSD=PGSD*SDMDL/BIIS./TMID
VOLUMEE.mI.1415?*RMID*DR*UMID
FLLOS=FLLOS5+VYOLUMXDENFL
SDLOS=3DLOS+VOLUMYDENSD
IFCTMID.GE. 7000, ) THEM
CALL INSEF (TAETEM, TAEIFL, TMID, ENTFL)
CALL INSEP(TABTEM,TABISD,TMID,ENTSD)
ELSE
ENTFL=TABCFL (1) XTMID
ENTSD=TABCSD (1) XxTMID
ENMDIF
QLOSJ=QLOSJ+VDLUM*(DENPL*ENTPL+DENSD*ENTSD)
CONTINUE
GHK1=(AMGI*FIAZ*TIME+AMAIR*(UR—FIAS)XTIMER)/(TIME+TIMER)/1000.
BHH2=(AMAI*VAXTIME+AMAIR*VC*TIMER)/(TIME+TIMER)/1000.
CONTINUE
PDNER=PDN3(MREGS)—QLDSJ+QGETJ
FLM=FMFL-FLLOS
SDM=FLNSD(MREGZ)—SDLDS+SDGET
FDw4(1)=FDwER+(1.—PSIA)XGHHE
ENT4{1)=FPOW4 (1) / (FLM+SDM)
CALL AVERT(PLM,SDM,PDN4(1),TABTEM,TABIPL,TABISD,TEMP4(1))
SUMRQ4a=0,
DF4=0,
ELDSS=ELDS*TEMP4(1)*AMAI*TIME/(TIME+TIMER)
GHE12=GHK 1 +FSIAXGHED
WRITE(7, 1555
DL=DISL4/FLOAT (NREG4)
MREG4=NREG3+1
DO 270 I=2,MREG4
J=1-1 )
XSOUR (I ) =FLOAT {J) xDL-DL /2.
AREA(J)=3.14159*BHDLE(J)*DL
CONTINUE
WRITE(7,1560) (XSOUR (K , k=1, NREG4)
WRITE(7,1570) RBOUND
WRITE(7,1580) (AREA(H),H=1,NREG4)
WRITE(7,1590) FLM,SDM, TEMF4 (1)
DO 240 M=2, MREG4
N=M-1
QSEGM(N)=3.*GHEIE*(I.—XSDUR(N)/DISL4)**2*DL/DISL4
ELDS4(N)=3.*ELDSS*(1.—XSDUR(N)/DISL4)**2*DL/DISL4
CALL CDNV4(XSOUR(N),AREA(N),DP4,PDN4(N),PDW4(M),ENT4(M),
ELDS4(N),HSUR4,ELDS4(N),EHDLE(N))
caLL AVERT(PLM,SDM,PDW4(M),TABTEM,TABIPL,TABISD,TEMF4(M))
QSDUR(N)=QLDS4(N)+ELDS4(N)+QSEGM(N)
SUMR4=SUMR4+QSOUR (N)
COMTINUE

CALL WIDTH (SUMG4, OSOUR, XSOUR . NREG4, DISL4, ALFA, VWELD, BHOLEO, ITWID)

ITWID=ITWID+1

WRITE (%, %) "RO=",R0,’ REQUND=" «REBQUND, *  R2(MREG3I)=",R2 (MREG3)

DRE=0.0
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DO 250 J=1,NREG4
DRE=AMAX 1 {DRE, AES (BHOLED (J) —BHOLE ¢(J) ) /EHOLE (J) )
CONT INUE
IF (DRE.GE.D. 002 THEN
DO 260 J=1,NREG4
BHOLE (J)=BHOLE (J) +. S% (EHOLED (J) ~BHOLE (J) )
CONT INUE
REOUND=EHOLE (1)
IF (REOUND. BE.R2 (MREGZ) ) THEN
DENSD=FAMEI¥SDMOL /8715, /TAMEI
ELOSI=0. O
FLLOS=0, 0
SDLOS=0. 0
SDGET=3.14159% (REOUNDXX2—R2 (MREGI) XX2) ¥UHXDENSD
QGETJ=SDGET*TAME I XCFSD
G0 TO 225
ELSE
GO TO 195
ENDIF
ENDIF
WRITE(7,1600) QIMFIN
WRITE(7,1610) (FOW4 (1), I=1,MREG4S)
WRITE(7,1620) (ENT4(I),I=1,MREG4)
WRITE(7,1630) (TEMF4(I), I=1,MREG4)
WRITE(7,1640) (QLOS4(I),I=1,NREG4S)
WRITE(7,1650) (ELOS4(I), I=1,NREG4)
WRITE(7,1660) (QSEGM(I),I=1,NREGS)
WRITE(7,1670) (@SOUR(I), I=1,NREGA)
WRITE(7,1680) SUMR4
FTOTOU=CONDW+SUME1+SUMEZ+SUMBS+SUMO4+FOWS (MREG4S)
+OLOSJI+ENERG (MREGT)
FTOTIN=GHW+ (AMFCF 1 xDUEC+AMFCP 2 xDUCG+AMFCFIXDUGE) /1000,
+GHN1+GHN2+GHE 1 +GHE2+FATD
WRITE(7,14699) FTOTIN,FTOTOU
FERCOW=CONDW/FTOTIN
FEREG=5UME1/FTOTIN
FERON=SUMO2/FTOTIN
FERGSR=SUMOZ/FTOTIN
FERQSC=0L0OSJ/FTOTIN
FERGW=SUMA4/FTOTIN
FEROD=FOW4 (MREG4) /FTOTIN
FERSUM=FERCOW+FPERQG+FERON+FPEROSR+FEROSC+FEROW+FERGD
WRITE (7, 1700) CONDW, FERCOW
WRITE(7,1710) SUM@1,FERQG
WRITE (7, 1720) SUMG2, PERGON
WRITE (7,1730) SUMBI,FERQSK
WRITE(7,1740) GLOSJ,FERASC
WRITE(7,1750) SUMQ4,FERQW
WRITE(7,1760) FOW4 (MREGA4) ,FERGD
WRITE(7,1770) FERSUM
WRITE(7,1780) AMFCF1,AMFCF2, AMFCF3
DUBE=DUEC+DUCG+DUGE
DUAF=DUERE+VA+YC+FIAZ-FIAl
DUAFR=DUBE+VA+VC-F IAZ+FIAL+UR
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WRITE(7,1790) DUEE, DUAF, DUAFR
CUFF=DURC+YA+VC+F TAZ-FIA1
DUFR=FIA2-FIa1-DUEC-DUCE
FTOTAL= { (AMAT¥DUAF+AF ILXDUFF) T IME+ {AMA IR ¥DUAFR+AF ILR¥DUFF) X
% TIMER) / (TIME+TIMER) /1000,
FTOTAL= (AMAI*¥DUAF ¥ T IME+AMAIRXDUAFRXTIMER) / (TIME+TIMER) / 1000
ATAR4=SUMR4 /FTOTAL
WRITE(7,1800) DUFF,DUFR
WRITE(7,1810) FTOTAL,SUMB4,ATARS
WRITE(7,%)" CROWN WIDTH=",2.¥BHOLE(1)," (mm)’
WRITE(7,%)"  ROQT WIDTH=",2.*BHOLE (NREG4),  (mm)"
STOF
1000  FORMAT(///SX,° INFUT DATA: ™)
1010 FORMAT (/2X, FLSMA (kg/s)’ ,E12.5,2X, SHIELD (kg/s)’,E12.5
1020 FORMAT (/SX,”TW OF W,NOZZLE,HOLE, INITIAL SOLID’,ZF8.1,/
$ SX,’ENT. OF ARC IN TW OF NOZZLE,HOLE®,2E12.5)
1030 FORMAT (/S5X, L1,L2,L3,L4 (m)’,2X,4F10.8)
1040 FORMAT (/SX,"FILOT I(+)=",F8.Z,5X, FILOT I(-)=",F8.2,/
& SX,"MAIN I(+)=",FB8.2,5X, MAIN I(-)=",6F8.2)
1050  FORMAT(/SX, t(+)=" E11.4,5X. "t (—)=" .E11.4)
1060 FORMAT (/SX,  WORK FUNCTION 1,2,3 =",3FS.2)
1070 FORMAT (/SX, " ANODE DROF=’,FS.72,

& 22X, TCATHOD DRDP=’,F5.2)
1080  FORMAT (/SX, e=",E12.5,5X, k=" ,E12.5)
1090 FDRMAT(/SX,’NRE61=’,I3,2‘,’NREG”—'.IT,ZX,’NREGZ=’,IE,
$ 2X, "NREG4=",13)

1100 FORMAT (/SX, "NOZZLE DIAM. (m)",F8.6,2X, SHIELD DIAM. (m)* ,FB. &)
1110 FORMAT (/5X, "LENGTH OF FOLARITY W =" ,E12.5,
kS /33X, TENVIROMENT TEMF. =°,Fb. 1 2X,TAREA OF W FOLARITY",
£ E12.5,/5X, AMD OF FOLARITY W =° JEL12.3)
1120 FORMAT (/5X, " ITMAX,DHMAX,DTMAX=",14, El:.q.Fﬁ 4)
1125 FORMAT (/SX, F5IA=",F&.4,2X, "FAMET (N/mkX2) =" JF1IO.1,/

& 2X, CF. OF HE IN AMBIENT (kJ/ Lg‘—'.Ei_.q,
3 X7 (m/s) LE12.5)

1130 FORMAT (/SX, FLASMA MOL.WEIGHT (kg/kmol)=",FB8.4,2X,
$ SX,"SHIELD MOL.WEIGHT (kg/kmol)=",F8&.4,
$ /SX,TUR=",FS. 1}

1140 FORMAT (72X, " GHW, CDNDN ELOS1 (kw) * ,3E12.9
1150 FDRMAT(//SY, BEGINING OF SEGMENT DNE )
1170 FORMAT(/2X, FOW1=",4E12.5,/7X,4E12.5
1180 FORMAT (/2X, ENT1=",4E12.5,/7X, 4E12.5)
1190 FORMAT (/1X, *GLOSL=" 4E1_.u./7X 4E12.95)
1200 FDRMAT(/EX,‘TEMFi—‘ 4E ;.q./8Y14E12.=‘
1210 FORMAT (/2X, " TOTAL LOSS IN GAF I, Elh.S._ s TDUBC(v) ", F&6.2)
1220 FORMAT (/2X, DUDLL" ,4E12.5, /7X,4E1

1230 FDRMAT(//SX,’NDZZLE COMFUTATION?)

1240 FORMAT(/SX, "NN2.6T.1007)

1250 FORMAT (/SX, "FOWZ=",4E12.5/10%,4E12.5)
1260 FORMAT(/SX,  ENTZ2=",4E12.5/10X,4E12.5)
1270 FORMAT(/4X, DLD””“.4E1~.J/IUX 4E1~.q
1280 FORMAT (/2X, ‘TEMF”'.4E1h.q./7X.4E12.
1290 FDRM(—"T(/EX. TELOSET L 4EL12.5,/7X.4E12.5
1300 FDRMAT(/EX,’DUDLE"4E12. ST K, 4E1~.q
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1210 FORMAT (/5X, " TOTAL LOSS IM NOZIILE =" ,E12.5,2X, DUCG(v)’®,Fb.2)
1220 FORMAT (//3X, "STANDOFF COMFUTSTIONT »

1340 FORMAT (/SX, "UH,UQ, COEFM® , TE12.5)

1350 FORMAT (/2X, LINE 285 TEEGI',E12.4)

1370 FORMAT (/1X, ATA, TREGI,TAMEI, TMID  ,4E11.4)

C1360 FORMAT(1X,"M,R1,R2,DR,RMID,ATA", 12, 2E12.5, /SX,3E12.5)
1380 FORMAT (/2X, " IN MAIN,NDM,MAR,MHE,PDNEF‘ 14,2X,3E10.3)
1390 FORMAT (/2X,  ITER. IN STANDOFF,SEG.=",12,2X, NOM=", 14,

$ 2X, TFMF="  F10.6)
1450 FORMAT (/2X, " TOTAL LOSS IN STANDOFF =',E12.5,2X, "DUGE (v) ' ,Fb.2)
1410 FORMAT (/SX, FOWI=",4E12.5, /10X, 4E12.S
1470 FORMAT (74X, GLOST=",4E12.5, /10X, 4E12.5)
1440 FORMAT (/4X,  TEMFI=",4E12.5, /10X, 4E12.5)
1460 FORMAT (/SX, R1(m)=",4F10.8,/11X,4F10.8)
1470 FORMAT (/S5X, R2(m)=",4F10.8, /11X, 4F10.8)
1480 FORMAT (/SX, FLWFL=",4E12.5,/11X,4E12.5)
1490 FORMAT (/5X, " FLWSD=",4E12.5, /11X, 4E12.5)
1500 FORMAT (/SX, "ENERG=",4E12.5, /11X,4E12.5)
1510 FORMAT (/2X, " DUDL3’,4E12.5, /7X,4E12.5)
1520 FORMAT (/SX, FOWER AID FROM SHIELD, FAID (kW)=",E12.5)
1530 FORMAT (/2X, "VELOC.,TEMF. IN CORE AT LAST' ,2E12.5)
1540 FORMAT (/SX,°T OF BOUNDARY, TEROUND='" EL12.5
1550 FORMAT (/SX, "CONVECTIVE LOSS OF JET (FN)’,EIL.J
1555 FORMAT (//10X, " WORKFIECE COMFUTATION®
1560 FORMAT (/2X, " XSOUR" , 2X,SF8. &)
1570 FORMAT (/SX, RADIUS OF KEYHOLE (m)=".E12.5)
1580 FORMAT (/2X, " AREA (mMXX2) 7 ,4E12.5, /12X, 4E12.5)
1590 FORMAT (/4X, "FLM, SDM, TEMF4(1) " ,3E14.5)
1600 FORMAT (/SX, " IMFINGE LOSS (kw)®,F8.5)
1610 FORMAT (/2X,  FOW4=",4E12.5, /7X, 4E12. 5)
1620 FORMAT(/2X, "ENT4=",4E12.5,/7X,4E12.5)
1630 FDRMHT(/“x_‘TEMF4— J4E12.5,/8X,4E12.5
1640 FORMAT (/2X, " 0QLOS4=",4E12.5, /8X, 451_.d
1650 FORMAT(/2X, ELOS4=",4E12.5, /8X,4E12.5
1660 FORMAT (/2X, °@SEGM=",4E12.5, /8X, 4E1_.u)
1670 FDRMAT(/EX”’QSDUR=’,4512.= /8X,4E12.5
1680 FORMAT (/S5X, TOTAL LOSS IN WORKFIECE =°.E12.5)
1690 FORMAT(JX TOTAL FOWER INCLUDING HELIUM, FTOTIN=- LE12.5,/

s TOTAL FOWER FROM LOSS, FTOTOU=’ El-. S)
1700 FORMAT (/ :‘X "FOLARITY CONDUC. LOSS AND FERCENT ZE12.3)
1710 FDFMQT(/"‘X "GAF LOSS AND FERCENTAGE-", 12.5)

1720 FORMAT (/2X, NOZZLE L0OSS AND FEFCENTAbE‘.ZElh.q
1730 FDRMAT(/”X "RADIAT. IN STANDOFF AND FERCENTAGE®,ZE12.5
1740 FORMAT (/2X, CONVEC. IN STANDOFF AND FERCENTAGE’,ZE12.S)
1750 FORMAT (/2X, " WORKFIECE LOSS AND FERCENTAGE® JZE12.5)
1760 FORMAT (/2X, "DISCHARGE LOSS AND FERCENTAGE® ,2E12.5)
1770 FORMAT (/SX, SUM. FERCENTAGE’,F8.5)
1780 FORMAT (/SX, AMFCF1, 2,3 ,3E12.5)
1790 FORMAT (/SX, " DUBE, DUAF, DUAFR" , 3E12.5)
1800 FORMAT (/4X, DUFF=" ,E12.4,4X, DUFR=",E12. 4)
1810 FORMAT (/2X, " FOWER, 04, ATARd=", 3IE14.5)

END



SUBROUTINE CDN$4(XMID,AMID,DP,PA,PB,HB,PCDNV,HN,DELDS,RHDLE)
COMMON MMM
COMMOR TABTEM(E&),TAEIPL(E&),TABCPL(E&),TABHPL(E&),TAEISD(Q&)
COMMON ITMAX, DHMAY, DTMAY
COMMON TAMEI,DNOZL,FMFL
COMMON TABCSD (2&), TARKSD (24)
COMMCN TW4,MREG4, NREG4
COMMONM FLM, SDM
FB=FA
NOM=0
200 CONTINUE
NOM=NOM+1
IF(NOM.GT.ITMAX) THEN
WRITE (X%, %)~ Erro Stop ITERATIONS EXCEED ITMAX IN CONV4®
STOF
ENDIF
FCFR=(FPA+FEK) /2.
HCF=FCF/ (FLM+SDM)
CALL AVERT(PLM,SDM,PCP,TQBTEM,TABIPL,TABISD,TCP)
CALL INSEP(TABTEM,TABKPL,TCP,PLAMD)
CALL INSEF(TABTEM,TABHSD,TCP,SDAMD)
AMD=(PLAMD*PLM+SDAMD*SDM)/(PLM+SDM)
CALL INSEF(TAETEM,TABCPL,TCP,PLCP)
CALL INSEP(TABTEM,TABCSD,TCP,SDCF)
CF=(FLCF¥FLM+SDCFXSDM) / (FLM+SDM)
COEFC=Z. X (FLM+5DM) ¥CF/3. 14159 /AMD
XFPLUS=CDEFC/XMID
VNUX=0, 2227k XFLUSX X0, 7455+3. 66
ALFAX=VNUX*¥&MD/RHOLE /2.
FCONV=ALFAXXAMIDX (HCF-HW) /CF
FOU=PA-FCONV+DF-QELOS
HE=FOU/ (FLM+5DM)
DIFF=AES (FOU-FEB) /FR
FBE=F0OU
IF(DIFF.GE.DHMAX) GO TO 200
END

SUERQUTINE AVERT (FLOFL, FLOSD,FSUM, TAET, TARFL , TAESD, TVERA)
DIMENSION TAERT(26), TABFL (26), TAESD (26)

COMMON MMM

WRITE(7,Z000) FLOFL,FLOSD, FSUM

NN=0

10 CONTINUE
NN=NN+1
IF(NMN.GT.200) THEN
WRITE(X,%)" Erro Stop ITER.EXCEED 200 IN AVERT, THEN STOF®
STOF
EMDIF
CAaLL INSEF (TAET, TAEFL, TVERA, EFL)
CALL INSEP(TQET,TABSD,TVERQ,ESD)
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FCOMF=FLOFLXEFL+FLOSD¥ESD
DFOWR=1.-FCOMF /FSUM

IF(ABS (DFOWR) .GE.Q.OL10)Y THEN
TVERA=TVERA¥ (1. +DFOWR/10.)
GO TO 10

ENDIF

RETURN

END

SUEBROUTINE INSEF(A,E,C,D)
DIMENSION A(26),B(26)

COMMON MMM

IF(C.LT.A(1) .0OR.C.GT.A(MMM)) THEN

WRITE (x,%x)° Erro Stop INDEF. IS5 REYOMD SCOFE~
WRITE(x,x)" C=",C,7A(1)=",A(1), AMMM)=",A{(MMM)
STOF

ENDIF

DO 30 K=2,MMM
IF((C.LE.A{K) .AND.C.GE.A(K—1)) .0R.
ES (C.GE.A(K) .AND.C.LE.A(K—1))) THEN
D=B (K-1)+(B(K)-B(K-1)) /7 (A(K)-A(K=1) )X (C-A(K-1))
G0 TO 40
ENDIF
30 CONTINUE
40 CONTINUE
RETURN
4010 FORMAT (/5SX, " INDEF. C=",E12.4,5X, DEFEND. D=",E1Z.4)
END

SUEROUTINE WIDTH(RORIG,@S0UR,HH,NHH, H, ALFHA, YWELD, RMAX, ITWID)
DIMENSION ZZ(Z4),TEMF(25,15,11),TEMFO(10,25,15, 11)
DIMENSION BEAD(Z0,10),@50UR(10) ,GMOLT (10) ,HH(10) , 04K (10) ,B5¢10),
$ Z(11) ,RMAXO(11) ,RMAX (11)
COMMON/DAT10/NX, NY,NZ, X (25),Y (20) , TM, TO, THK , EFSL,, DENS, HFUSI
IF(ITWID.BT.1) GO TO 46
IF (NX.GT. 1) THEN
DO 1 I=1,NX
X(I)=X{1)+FLOAT (I-1) % (X (NX) =X (1)) /FLOAT (NX—1)
1 CONTINUE
ENDIF
IF(NY.GT. 1) THEN
DO S J=1,NY
Y(JY=Y (1) +FLOAT (J-1) % (Y (NY) =Y (1)) /FLOAT (NY—1)
CONTINUE
ENDIF
NZ=NHH
IF(NZ.GT.1) THEN
DO & K=1,NZ
Z (K)=FLOAT (K~1) ¥H/FLOAT (NZ—1)
6  CONTINUE

w



ENDIF
NOM=1
DO 8 L=1,MNHH

HH (L) =FLOAT (L—1) ¥H/FLOAT (NHH—1)

8 CONTINUE

TMOLT=TM-TO

V=UNELDXO. 0254 /60,

V2A==V/ (2. XALFHA)

NITER=0

NZ=NHH+1

ATOTAL=00ORIG
DO 10 I=1,NZ

RMAX (1) =0.0

Z(I)=FLOAT (I-1) xH/FLOAT (NZ~1)

10 CONTINUE
DO 40 N=1,NHH
@S (N) =RS0OUR (N)
DO 30 L=1,NZ
DO 25 K=1,NY
DO 20 J=1,NX
TEMFO (N, J,K,L) =0,

2¢ CONT INUE
25 CONT INUE
30 CONTINUE
40 CONTIMNUE
DO &5 N=1,NHH
HHH=HH (N)

ZZ(1)==16. XH-HHH
2Z(2)==1b.KH+HHH
DO SO kK=3,34,2
ZZ () =ZZ(K~2)+2. ¥H
ZZ(K+1)=ZZ (K~—1)+2. %H
S0 CONTINUE
DO &4 k=1,NX
DO &3 L=1,NY
DO 62 J=1,NZ
DO &0 M=1,34
ZZZ=Z(J)—-2Z (M)
XXX=X (K)
YYY=Y (L)
R=SERT (XXXXXD+YYYKXD+ZZZK%D)
RX=F+XXX
RX=VIZAXRY
TEMPO (N K, L, JY=TEMFO (N, K, L, J)+EXF (RX) /R
60 CONT INUE
62 CONT INUE
T CONT INUE
64  CONTINUE
65 CONTINUE

66 CONTINUE

NITER=NITEFR+1
IF(NITER.GT.200) THEN
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WRITE (%, %)’ Erro Stop NITER.GT.200 IN WIDTH, THEN STOF®
STOF
EMDIF
DO &8 N=1,MHH
Q4K (NY=A5 (N) /(4. %T. 141SPKkTHE)
GMOLT (N = (RMAX (M) +RMAX (N+1) ) ¥H/FLOAT (NHH) ¥V ¥DENSXHFUS I
Q4K (N) =(0S (N) =BMOLT(N) ) / (4. XZ. 141S9O%THK)
68 CONTINUE
DO 75 K=1,NX
DO 74 L=1,NY
DO 73 J=1,NZ
TEMF (K, L,J)=0.0
DO 72 N=1,NHH
TEMF (K, L, 3) =TEMP (K, L, J) +Q4K (N) X TEMFO (N, K, L, J)
72 CONT INUE
3 CONT INUE
74  CONTINUE
75 CONTINUE
DO 95 K=1,NZ
RMAXO (K)=0.0
DO 90 I=1,NX
DO 80 J=2,NY

L=J-1
IF((TEMP(I,L,H).LT.TMOLT.AND.TEMP(I,J,H).GE.TMDLT).DR.
& (TEMF (I,L,K).GT.TMOLT.AND. TEMF (I,J,K).LE. TMOLT) ) THEN
YMDLT=Y(L)+(Y(J)—Y(L))/(TEMP(I,J,H)—TEMP(I,L,H))*
% (TMOLT-TEMP (I,L,.E))
GO TQ 83
ENDIF
80 CONT INUE
8% RMAXO (K) =AMAX 1 (RMAXO (K) , YMOLT)
0 CONMTIMUE
9% COMTINUE

DRMAX=0
DO 100 N=1,NZ
DRMAX=AMAX 1 (DRMAX, AES (RMAX (N) —RMAXD (N) ) )
WRITE (%, %) "N=",N, " ZXRMAX (N) =", 2, kRMAX (N) ,
$ T 2XRMAXO (M) =", 2. XRMAXO (M)
100 CONTINUE
WIDTHC=2.XRMAXO (1)
WIDTHR=2. XRMAXO (NZ)
write(*,%)’ ROOT WIDTH=",WIDTHR,” CROWN WIDTH=",WIDTHC
write(7,%)’ ROOT WIDTH=",WIDTHR," CROWN WIDTH=",WIDTHC
GRCRO=0.
ORROO=0.
DO 120 I=2,NX
Ii=1-1
DO 110 J=2,NY
J1=J-1
TRMID=(TEMF (I1,J,1)+TEMF(I1,J1,1)+TEMF(I,J1,1)
$ +TEMF (I,J,1)) /4.
TCMID=(TEMF (I1,J,NZ)+TEMF (I1,J1,NZ)+TEMF(I,J1,NZ)
$ +TEMF (I,J3,NZ)) /4.
DX=X(11)=X(I)
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DY=Y (J) =Y (J1)
DAREA=2. ¥AES (DX ¥DY)
ORCRO=0RCRO+AES (DAREA) XEFSLA0. 00OS67K ( (TCMID+TO) /100, ) ¥%4
OFRFROO=0RRO0C+AES (DAREA) XEFSLXO. Q0S67 % ( (TRMID+TO) /100, ) X% 4
110 CONTINUE
120 CONTINUE
AS0S=00RI5-QRCRO-ORROO
@SES=QR0RIG
DRS=1.-2SAS/0TATAL
DE=DRMAX /WIDTHC
IF (ABS (D@S) . GE. 0. 005, 0R.DE. GE. 0. 002) THEN
WRITE (X, %)’ D@ES=",D@S,° DE=",DE
@TOTAL=0.0
DO 130 N=1,NHH
@S (N)=0S (N) % (1.-DRS/QORIG)
BTOTAL=QTOTAL+ES (N)
130  CONTINUE
DO 140 N=1,NZ
RMAX (N) =RMAX (N) +. Sk (RMAXQ (N) ~RMAX (N) )
140 CONTINUE
GO0 TO &6
ENDIF
RETURN
END
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XXxxf¥sxx¥ COMFUTER FROGRAM FOR VFFA FENETR&TION AXXXAEK KK X

FROGRAM WELDO.FDFR,COMFILED ON MARCH 16,199%

Feint and Line Source Models are Combined toc Estimate Whether
a Keyhole Can be Formed.

Impinging Convective Heat Transfer on the Surface of Workpiece

Is Taken

DIMENSION
DIMENSION
DIMENSIQON
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

as Convection before Keyhole Formed.

FOW1 (3) ,FOW2(S) ,FOWZ(S) ,FOWS (10)
ENTl(SD,ENTE(S),ENTE(S),ENT4(10),TABMPL(ZO)
QLDSI(10),QLDSE(10),QL083(10),QLDS4(10),TABMSD(20)
TEMF1 (5) , TEMF2(S) , TEMF3(S), TEMF4 (10)
ELDSE(!O),ELOS4(10),QSEBM(iO),XSOUR(iO)
QREA(lO),TEMPG(ll),DUDLl(IO),DUDLE(IO),DUDLE(lﬁ)
QSOUR(S) ,GNET (5)
R1(11),R2(11) ,FLWFL(11) ,FLWSD(11) ,ENERG (11)

CDmmon/datIO/NX,NY,X(ES),Y(15),TM,TO,THK,EPSL,DENS,HFUSI
COMMON MMM

COMMON TABTEM(Z0) , TAEIFL (20) , TAECFL (20) , TABKFL (20) , TAEI. | 20)
COMMON ITMAX,DHMAX,DTMAX

COMMON TAMEI,DNQZL,FMFL

COMMON TAECSD (20) , TAEKSD (20) , TAENFL (20) ., TRENSD (20)

COMMON TW4,MREG4, NREG4

COMMON FLM, SDM

OFEN(S,FILE="C:WELDTAE.DAT")

OFEN(&,FILE="C:WELDIN.USE")

OFEN(7,FILE="C:WELDOU.USE" )

READ (5, %)
READ (S, %)
READ (S, %)
READ (S, %)
READ (S, %)
READ (5, %)
READ (5, ¥)
READ (S, %)
READ (S, %)
READ (S5, %)
READ (5, %)
READ (S, %)
READ (&, %)
READ (&, %)
READ (&, X)
READ (&, %)
READ (&, %)
READ (&, X)
READ (&, %)
READ (&6, %)
READ (&, %)
READ (&, %)
READ (&, %)

MMM
(TARTEM(I), I=1, MMM)
(TABIFL (1), I=1,MMM)
(TABCFL (1), I=1,MMM)
(TAEKFL (1), I=1, MMM)
(TARISD(I), I=1,MMM)
(TAECSD (1), I=1,MMM)
(TABKSD (1), I=1,MMM)
(TABMFL (1), I=1, MMM)
(TABMSD (1), I=1, MMM)
(TAENFL (1), I=1, MMM)
(TAENSD (1), I=1,MMM)
NREG1,MREGZ,NREGZ, NREGS
VA, Ve

FIAL,FIAZ,FIAZ

TIME, TIMER
DISL1,DISL?,DISLZ,DISLS
WE, YVE

AFIL, AFILR,AMAL, AMALR
DNOZL ,DSHID, VFL, VSD
FLMOL, SDMOL , UR
ITMAX , DHMAX , DTMAX

TWL, TWZ, TW4, HSURZ, HSUR4



READ (&, %) DXW, TAMEI, DFOLAR, AMDW
READ (&6, %) FSIA,FAMEL, CFSD
READ (b, ¥) ALFA, VHWELD
READ (6, ¥) NX, NY
READ (&, %) X (1), X (NX)
READ (&, %) Yi1),Y (NY)
READ (6, %) TM, TO
READ (&, ) THE, EFSL
READ (&, %) DENS, HFUSI
WRITE (7, 1000)
WRITE (7,1001) MMM
WRITE (7, 10O02)
WRITE (7, 1003)
WRITE (7, 1004)
WRITE (7, 1005)
WRITE(7, 1006)
WRITE (7, 1007)
WRITE(7, 1008)
WRITE (7, 1009)
WRITE(7,1010)
WRITE(7,1011)
WRITE(7,1012)
WRITE(7,1013) NREG1
WRITE (7, 1014)NREGT
WRITE(7,1015)NREGS
WRITE(7,1016)NREG4
WRITE(7,1017)VA
WRITE(7,1018)VC
WRITE(7,1019)FIAL
WRITE (7, 1020)FIAZ
WRITE(7,1021)FIAT
WRITE(7, 1022) TIME
WRITE(7,1023) TIMER
WRITE(7,1024)DISL1
WRITE(7,1025)DISLY
WRITE(7,1026)DISLT
WRITE(7,1027)DISL4
WRITE (7, 1028) VWE
WRITE(7,1029) VWK
WRITE (7, 10T0)AFIL
WRITE(7,1031)AFILR
WRITE(7,1032) AMAT
WRITE(7,1033)AMAIR
WRITE (7, 1034)DNOZL
WRITE(7,1035) DSHID
WRITE (7, 1036) VFL
WRITE (7, 1037)VSD
WRITE (7, 1038) FLMOL
WRITE (7,1039) SDMOL
WRITE (7, 1040) UR
WRITE(7,1041) ITMAX
WRITE (7, 1042) DHMAX
WRITE(7,1043)DTMAX
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WRITE (7, 1044) TW1
WRITE (7, 1045) TWZ
WRITE (7, 1046) TWa
WRITE (7, 1047)HSURD
WRITE (7, 1048)HSURS
WRITE (7,1049)DXW
WRITE (7, 1050) TAMEI
WRITE (7, 1051) DFOLAR
WRITE (7, 1052) AMDW
WRITE (7,1053)FSIA
WRITE (7, 10S4) FAMEI
WRITE (7, 1055)CFSD
WRITE (7, 1056) ALFA
WRITE (7, 1057)VWELD
WRITE (7, 1058) NX
WRITE (7, 1059)NY
WRITE (7, 1060) X (1)
WRITE (7,1061) X (NX)
WRITE (7, 1062)Y (1)
WRITE (7, 1063) Y (NY)
WRITE (7, 1064) TM
WRITE(7,1065)TO
WRITE (7, 1066) THE
WRITE (7, 1067)EFSL
WRITE (7, 1068) DENS
WRITE (7, 1069)HFUSI
VOLFL=VFL/1.27133/1.ES
VOLSD=YSD/1.27133/1.ES

FMFL=VOLFLXFAMEIXFLMOL/B315. /TAME]
FMSD=YOLSDXFAME I ¥SDMOL /8315, /TAMEI
UH=YOLSDX4. /3. 14159/ (DSHIDXXZ-DNOZL X X2)

—————————— FIRST SEGMENT CALCULATION —————m———m—— e e

AREAW=3. 141S9%DFOLARXX2/ 4.
ELOS=1.5¥VVE/VVE/1.E10
GHW=( (AMATI+AFIL) X (VC-FIA1) XTIME+ (AMAIR-AFILR) X (VA+FIA1) X
$ TIMER) / (TIME+TIMER) / 1000,
CONDW=AMDWXAREAWX (TW1-TAMEBI) /DXW
FOW1 (1) =GHW-CONDW
ENT1¢(1)=FOW1 (1) /FMFL
CALL INSEF (TABRIFL,TAETEM,ENT1(1),TEMP1 (1))
ELOS1=ELOSXTEMF1 (1) % (AMAIR-AFILR) XTIMER/ (TIME+TIMER)
AMECE 1= ( (AMAI+APIL) XxTIME+ (AMAIR—AFILR) *TIMER) / (TIME+TIMER)
DX1=DISL1/FLOAT (NREG1)
GEOL1=3.14159% ( (DFOLAR+DNOZL) /2.) ¥%2/4. /DX1
VOLUM1=3. 14159% ( (DNOZL+DFOLAR) /2.) XX2/4. xDX1
MREG1=NREG1+1
SUMBL=0.
DUEC=0.
DO 40 M=2,MREG1
N=M-1
DUDL 1 (N) =2000.
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LOST (M) =0,
MNL=0
10 CONTINMNUE
NN1=NM1+1

IF(NNL.GT.200) THEN
WRITE (%, x> " MNNL1.GT. 200, Erro stop’
STOF

ENDIF

DF1=DUDL1 {N) ¥DX1¥AMFCF1/1000. -QLOS1 (N)
FOWL (M) =FOW1 (N) +DF1
ENT1 (M) =FOW1 (M) /EMFL
ENTCF1=(ENTL (N)+ENT1 (M) ) /2.
CALL INSEF(TAEIFL,TABTEM,ENTCF1, TEMCF1)
QLOS1 (M) =VOLUM1 %4, ¥1.E7X (TEMCF1/15000.) X¥16&6/
$ (1.+(TEMCP1/15000.)%X%16&)
CALL INSEF (TAETEM, TAEMFL, TEMCF1, FLMHO)
OHM1=1./FLMHO/GEOL1
DUDL=AMFCF 1 *0HM1 /DX 1
DIFU=1.-DUDL/DUDL1 (N)
IF (AES (DIFU) .GE.0.005) THEN
DUDL.1 (N) = (DUDL+DUDL1 (N)) /2.
60 TO 10
ENDIF
DUEC=DUEC+DUDL1 (N) ¥DX 1
SUMB1=SUME1+BL0S1 (N)
CALL INSEF(TABIFL, TAETEM,ENTIL (M), TEMF1 (M))
40 CONTINUE
WRITE(7,1170) (FPOW1(I),I=1,MREG1)
WRITE(7,1180) (ENT1(I),I=1,MREGL)
WRITE(7,1190) (GLOS1(I),I=1,NREG1)
WRITE(7,1200) (TEMF1(I),I=1,MREG1)
WRITE(7,12Z0) (DUDL1(I),I=1,NREG1)
WRITE(7,1210) SUME!,DUEC

————————————— SECOND SEGMENT CLCULATION ———m—mm e mm e

FOWD (1) =FOW1 (MREG1)
ENT2 (1) =ENT1 (MREG1)
TEMFZ (1) =TEMF1 (MREG1)
AMFCFZ2= (AMAT % TIME+ (AMAIR-AF ILR) XTIMER) / (TIME+TIMER)
DX2=DISL2/FLOAT (NREGZ)
AREAZ=T.141S9%DNOZLXDX2
GEOL2=7.141594DNOZL¥X2/4. /DX2
MREGZ=NREGZ2+1
WRITE (7, 1230}
GHN1=(AFTLXFIAZKTIME+AFILRXFIAZXTIMER) / (TIME+TIMER) /1000.
GHNZ= (AP IL¥VAXTIME+AFILRXVAXTIMER) / (TIME+TIMER) /1000,
SUME2=GHN1+FSIAXGHND
DUCG=0.
DO 80 M=2,MREGZ
N=M-1
XM=FLOAT (N) ¥DX2-DX2/2.
DUDLZ (N) =2000.
@LOSZ (N) =0.
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0

NM2Z=0
CONT [ MUE
MMZ=MNNZ+1
IF(NN2L.GBT.200) THEN
WRITE (¥, %) Erra Stop ENTZ=" ,ENTZ
STOF
ENDIF
IF (NREG2.EQ. 1) then
ELDSZ(N)=ELDS*TEMP2(N)*(APIL*TIME+QPILR*TIMER)/(TIME+TIMER)
else IF(NREGZ.NE.1.AND.N.EG.1)then
ELDSE(N)=ELDS*TEMP2(N)*APIL*TIME/(TIME+TIMER)
else IF (NREG2.NE. 1.AND.N.EG.MNREGD) then
ELDSE(N)=ELDS*TEMP2(N)*APILR*TIMER/(TIME+TIMER)
endi f
DP2=DUDL2(N)*DXE*AMPCP2/1000.+(1.—PSIA)*BHNE/FLDAT(NREGE)
—ELOSZ2 (M) -QLOS2 (M)
FOW2 (M) =FOWZ (N) +DF2
ENT2 (M) =FOW2 (M) /FMFL
ENTCFP=(ENT2(N) +ENT2 (M) ) /2.
CALL INSEP(TABIPL,TABTEM,ENTCP,TEMCP)
CALL INSEP(TAETEM,TAEHPL,TEMCP,AMD)
CALL INSEP(TABTEM,TABCPL,TEMCP,CP)
CALL INSEP(TABTEM,TABMPL,TEMCP,PLMHD)
COEFC=Z.%FMFLXCF/3. 14159/AMD
XFLUS=COEFC/XM
VNUX=0.22Z2%XPLUSEYXO. 7455+3. &6
ALFAX=YNUXXAMD/DNOZL
QLDSE(N)=ALFQX*AREAEX(ENTCP~HSUR2)/CP
OHMZ2=1. /FLLMHO/GEQL?
DUDL =AMFCFZ2¥0HMZ/DX2
DIFU=1.~-DUDL/DUDLZ (N)

IF(ARS (DIFW) .GE. 0.00S) THEN
DUDLZ (M) = (DUDL+DUDLZ (M) ) /2.
GO TO 3o

ENDIF

DUCG=DUCG+DUDLZ2 (M) ¥D¥2
SUMRZ=SUMR2+ELOS2 (N) +EL.GS2 (M)
caLL INSEP(TQEIPL,TABTEM,ENTE(M),TEMPE(M))

CONTINUE

WRITE(7,1250) (FOWZ(I),I=1,MREG?)
WRITE(7,1260) (ENTZ(I),I=1,MREGD)
WRITE(7,1270) (GQLOS2(I),I=1,NREG2)
WRITE(7,1280) (TEMF2(I),I=1,MREG?)
WRITE(7,1290) (ELOS2(I),I=1,NREGZ)
WRITE(7,1300) (DUDL2(I), I=1,NREGD)
WRITE(7,1310) SUMGZ,DUCG
WRITE (7, 1320)

———————— THIRD SEGMENT CLCULATION ————m— e

RO=DNOZL /2.
FOWZ (1) =FOW2 (MREGZ)
MITER=0

CONTINUE
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MITER=MITER+1

IF(MITER.GT.200) THEN
WRITE (%, %)° Erro Stop MITER.GT.200,DFF=", DFF
STOF

ENDIF

ENTZ(1)=FOWZ (1) /FMFL
CALL INSEF(TARIFL, TARTEM,EMTZ (1), TEMFI (1))
DENSO=FAMEBI¥FLMOL /8315, /TEMPZ (1)
UO=FMFL/DENSO/3. 14152/RO¥X2
ENERG (1) =FMFPL¥UDXXx2/2. /1000,
FFRPEP=FOWZ (MREGZ)-ENERG (1)
DFFP=AERS(1.-FFF/FOWZ (1)
FOWZ (1) =FFF
IF(DFF.GE.Q.005) GO TO 90O
COEFM=UH/UO
VMID1=(1.-COEFM) /{1.+COEFM)
VMIDZ=1.+0O.8%COEFM-0. 45xCOEFMXx %2
DXZ=DISLZ/FLOAT (NREGZ)
MREGZ=NREGZI+1
SUMRTE=0,
DUGE=0.
R1(1)=R0O
R2(1)=R0O
FLWFL (1)=FMFL
FLWSD(1)=0,
AMFCFPI=(AMAIXTIME+AMAIRXTIMER) / (TIME+TIMER)
DO 1920 M=2,MREGZ
N=M-—1
X3=FLOAT (N) XDX3
UMIDZ=0.27%X3
VMID4=VMIDIX (O, 416+, 134%COEFM+0. 021 ¥VYMIDZ2XVMID1 xVMIDI/RO)
Ri(M)=RO-UYMIDZXxVYMID4
VMIDA=Q. 021 ¥VMIDI/RO
VMIDE=0.4146+0. 1Z4%C0OEFM
VMIDC=R1 (M) —-RO
YMIDD={(-YMIDEB+SORT (VMIDE¥X2-4 ¥xYMIDAXVYMIDC) ) /2. /VMIDA
RZM) =R1 (M)+\MIDD
NOM=0 :
TREGI=TEMFZ (1)
DENEREG=DENSO
DR=(R2Z(M)-R1(M)) /10,
DUDLZ (N)=2000.
GEOLEI=7.14199%R2 (M) X¥2/DX3
CONTINUE
MOM=NOM+1
IF(NDOM.GT.200) THEN
WRITE (x,%)° Erro Stop ITER.IN STANDOFF EXCEED 2007
STOF
ENDIF
FLWFL(M)=3.14152%R1 (M) x¥x2xUOXDENBEG
FLWSD (M) =0.
ENERG (M) =FLWFL (M) ¥UQXXZ/2. /1000,
CALL INSEF(TABTEM, TARIFL, TBEGI,EBEGI)
FOWER=FLWFL (M) ¥EREGI



DO 150 k=1,10
FRMID=FLOAT () ¥DR=DFR /2. +R1 (M)
ATA=(R2 (M) ~RMID) / (R2 (M) ~R1 (M) )
UMID=UO~ (UD—UH) * (1. —ATAXEL. S) x%2
TMID=TREEGI- (TRBEGI-TAMBI) X (1.-ATa&)
FGFL=FAMEI/(1.+(1./ATA—1.) ¥FLMOL/SDMOL)
FGSD=FAMEI-FGFL
DENFL=FGFL¥FLMOL/8315. /TMID
DENSD=FGSD¥SDMOL/8715. /TMID
VOLUM=2.%3. 14159 ¥RMIDXDR¥UMID
FLWFL (M) =FLWFL (M) +VOLUMXDENFL
FLWSD (M) =FLWSD (M) +YOLUMXDENSD
ENERG (M) =ENERG (M) + (DENFL+DENSD) ¥VOLUMXUMIDX¥2/2. /1000,
IF(TMID.GE.3000.) THEN
CALL INSEF(TABRTEM, TARIFL,TMID,ENTFL)
CALL INSEF (TABTEM, TAERISD, TMID,ENTSD)
ELSE
ENTFL=TABCFL (1) XTMID
ENTSD=TABCSD (1) %*TMID
ENDIF
FOWER=FOWER+YOLUMX (DENFLXENTFL+DENSDXENTSD)
150 CONT INUE
FOWRCF= (FOWER+FOWI (N) ) /2.
FLEF= (FLWFL (M) +FLWFL (N)) /2.
SDCF=(FLWSD (M) +FLWSD (N} ) /2.
CALL AVERT (FLCF,SDCF,FOWRCF, TABTEM, TARIFL, TABISD, TCF)
VRADI=Z. 14159% (R (M) +RZ (N) ) XX2/4, xDX3
QLOST (N)=VRADIX4, X1 . E7X(TCF/15000.) XX1&6/ (1. +(TCF/15000.) XX16)
CALL INSEF(TABTEM, TABMFL, TCF,FLMHD)
CALL INSEF (TAERTEM, TABMSD, TCF, SDMHO)
CPMHO= ( (FLWFL (M) +FLWFL (N) ) XFLMHO+ (FLWSD (M) +FLWSD (N) ) XxSDMHD) /
% (FLWFL (M) +FLWFL (M) +FLWSD (M) +FLWSD (N) )
OHM3=1. /CFMHO/GEOLZ
DUDL T (M) =0OHMIXAMFCFZ/DX3
DFS=0HMIXAMFCFIXX2/1000.
FPOWT (M) =FOW3 (N) +DFZ-0LOST (N) + (FLWSD (M) —FLWSD (N} ) ¥CFSDXTAMEI —
;3 (ENERG (M) ~ENERG (M) )
FMF=1.-FOWER/FOWT (M)
IF (ABS (FMF) .GBE.0.010) THEN
TREGI=TEBEGIX (1.+FMF/10.)
DENEEG=FAMBI%FLMOL/B8315. /TBEGI
UO=UOXFMFL/FLWFL (M)
GO TO 120
ENDIF
WRITE (X, 1390) N,NOM,FMF
SUMEZ=SUMEZ+OLOSS (N)
CALL AVERT (FLWFL (M) ,FLWSD(M) ,FOWER, TARTEM, TAEIFL, TARISD,
% TEMFS (M))
ENTI (M) =FOWS (M) 7/ (FLWFL (M) +FLWSD (M) )
DUGE=DUGE+DUDL3 (N) xDX3
190 CONTINUE
FAID=FLWSD (MREG3) *CFSDX*TAMEI
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GHE 1= (AMATXFIATKXTIME+AMAIRY (UR-FIAZ) ¥ TIMER) / {TIME+TIMER) /1000,
GHEZ2= (AMATAVAXTIME+AMATIRAVCXTIMER) / (TIME+TIMER) / 1 GO0,

Cc GHE L= (AMAT¥FIATKTIME-AMAIRXFIAZXTIMER) F (TIME+TIMER) /1000,

C GHEZ= (AMATXVAXTIME+AMAIRX (UR+VC) XTIMER) / (TIME+TIMER) /1000,

FOWER=FOWT (MREGT)

FLM=FMFL

SDM=FLWSD (MREGT)

FOW4 (1) =FOWER+ (1. -FSIA) XGHKD

ENT4 (1)=F0OW4 (1) / (FLM+SDM)

CALL AVERT (FLM,SDM,FOW4 (1), TABTEM, TARIFL, TARISD, TEMF4 (1))

ELOSS=ELOSXTEMF4 (1) XAMAIXT IME/ (TIME+T IMER)

GHE12=GHK 1 +FSIAKGHK2

CALL CONVOQ (RZ(MREG3I) ,ENT4(1),TEMF4 (1) ,FLM, SDM, HSUR4 , QCONV)
SUMR4=GCONV+ELOSS+GHE 12

WRITE (X, %)° SUMQR4=",SUME4," YWELD=",VWELD

CALL DEFTH(SUMB4,DISL4,NREG4S,ALFA, VWELD)

C==============================================================";"===
STOF
CHt+tttrttttrttrttttttbtttttttttdttrrdtbdtt bbbttt btt bbbttt bbbt bt o
1000 FORMAT (/3X, "SYMEBOL UNIT DESCRIFTION ?
%7 DATA® /)
1001 FORMAT (/32X, MMM Number of point in table :
$I5)
1002 FORMAT (/3X, "TABRTEM K Temperaeture table T,
%7 Table attached?)
1003 FORMAT (/3X, *TABIFL kJ/kg Enthalpy of plasma gas Ty

%7 Table attached?™)

1004 FORMAT (/3X, TABCFL kJ/kg.K Specific heat of plasma gas
$° Table attached?™)

1005 FORMAT(/3X, "TABKFL  kW/M.E Thermal conductivity of plasma gas
N Table attached?™)

1006 FORMAT (/3X,  TABISD kJ/kg Enthalpy of shield gas T,
$° Table attached®)

1007 FORMAT (/3ZX, TABCSD kJ/kg.E Specific heat of shield gas T
%7 Table attached®)

1008 FORMAT (/23X, " TABKSD kW/M.E Thermal conductivity of shield as
%7 Table attached®)

1009 FORMAT (/ZX, " TABMFL MHO/M Elictric conductivity of plasma gas”,
%7 Table attached?®)

1010 FORMAT (/3X, TAEBMSD MHO/M Electric conductivity of shield gas”,
%7 Table attached™) '

1011 FORMAT (/ZX, " TABNFL kg/M.S Viscaosity of plasma gas
%7 Table attached?™)

1012 FORMAT (/3X, "TABNSD kg/M.S Viscosity of shield gas
%7 Table attached?)

10173 FORMAT (/3X, "NREG1 Segment number between electrode ?
& /3IX,T and orifice TL1IS)

1014 FORMAT (/3X, "NREGZ Segment number of orifice ?
$I35)

1015 FORMAT (/3X, "NREGZ Segment number of standoff ?
$I5)

1016 FORMAT (/3X, "NREG4 Segment number of workpiece ?
+1I5)
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1017 FORMAT (/ZX, "VA
Fel12.35)

1013 FORMAT (/ZX, "VC

$el12.5)

1019 FORMAT(/ZX, FIAL
$=12.5

1020 FORMAT(/3X, "FIAZ
$2l12.3)

1021 FORMAT(/ZX, FIAZ
$e12.5)

1022 FORMAT (/ZX,"TIME
t2l12.5)

1023 FORMAT (/3X, " TIMER
$ell.3)

1024 FORMAT(/3X, DISL1
$/3X,°

1028 FORMAT(/3X, DISL2
212,35

1026 FORMAT(/ZX, DISLS
$212.5)

1027 FORMAT(/3X,"DISL4
$el12.5)

1028 FORMAT (/3X, "VWE
$ell.3)

1029 FORMAT(/3X, VWK
$212.5)

1020 FORMAT(/3X.,"AFIL
/3,7

1031 FORMAT(/ZEX,"AFILR
E/ 30,7

1032 FORMAT (/Z2X, "AMAT
B/ I, "

103T FORMAT (/3X, "AMAIR
t: FARTIO

10%4 FORMAT (/ZX, "DNOZL
$el12.)

1033 FORMAT (723X, "DSHID
$e2l12.5)

1056 FORMAT (/3X, " VFPL
$e212.5

1027 FORMAT(/3X, *VSD
$e2l12.3)

10328 FORMAT (/3X, "FLMOL
$el2.5)

1039 FORMAT(/ZX, > SDMOL
$212.35)

1040 FORMAT (/3X, "UR
$212.9)

1041 FORMAT (/ZX, " ITMAX
$I5)

1042 FORMAT (/3X, "DHMAX
$=12.5

104= FORMAT (/ZX, *DTMAX
$e=l12.3)

Y Anode potential drop
v Cathode potential drop
Y Electrode work functicn ?
Y Orifice work function ?
Y Workpiece work function ?
mS Time duration for straight polarity”,
mS Time duration for reverse polarity °
M Distance betwteen electrode and T
orifice LELZ2.5)
M Axial length of orifice i
M Distance of standoff )
™ Thickness of workpiece ?
Coulomb Electron charge ?
erq/k Boltzman constant !
A Filot electric current in straight
polarity Tael2. D)
A Filot electric current in reverse °,
polarity TL,el2. D)
A Main electric current in straight °
polarity PL.ell2.5)
A Main electric current in reverse ?
polarity TLel2.35)
M Orifice diameter 7
M External diameter of shield
scth Flasma gas flow rate ?
scth Shield gas flow rate ?
kg/kmol Molecular weight of plasma gas :
kg/kmol Molecular weight of shield gas ?
v Revercse polarity voltage rise ?
Maximum number of iteration ?
Maximum relative error of enthalpy °
k. Maximum error of temperature ?

Fage



1044 FORMAT (/ZX,
$el1.3)

1045 FORMAT (/7 TX,
$e2ll2.3)

10446 FDRMHT(/ZX,
fe2lZ.5)

1047 FORMAT (/ZX,
$e212.5)

1048 FORMAT (/53X
$e212.5)

10492 FDFMHT(/EX,
$212.3)

1050 FORMAT (7
$e2l12.5

1051 FDRMQT(/EX,
$212.3)

1052 FDRMAT(/3X,
$212.5)

1053 FORMAT (/3X,
B/ 30,7

1054 FORMAT (/3X,
$e212.5

1055 FORMAT (/3X,
$/30, 7

1056 FDRMQT'/EX,
$212.5)

1057 FDRMQT(/3X
$el2.5)

1038 FORMAT (/3X,

$/ T, "

10592 FORMAT (/3X,

Tl (4
TTW2 k.
"TwWa I
"HSURZ kd kg
"HSUR4 kJ/kg
"DXW M

X, T TAMEI K

environmental temperature

Electrode wall temperature

Orifice wall temperature

Workpiece wall tempe

Flasma enthalpy correponding

~ature

to TWZ

Jet enthalpy correponding to TW4

Electrode length

Enviromental temperature

Electrode diameter

Thermal conductivity of electrode

Fraction power loss due to anode
and cathode drop
Environmental pressure

.Elh.q

Specific heat of shield gas w1th

=

.El-.q

Thermal diffusivity of workpiece

Welding speed

Number of computing nodal

coordinate

*DFOLAR M
* AMDW kW/M. K
"FSIA

*PAMEI  N/M2
*CFSD kJ/kg. K
*ALFA KW/M.E
*VWELD  ipm

*NX

*NY

Number of computing nodal

coordinate
Beginming position of Lomputed

/30,7
19060 FORMAT (/3X, "X (1) M
/T, 7 nodal
1061 FORMAT (/ZX, " X (NX) M
S/, 7 nodal
1062 FORMAT (/ZX, Y {1) M
$/30, 7 nodal
1063 FORMAT (/3X, " Y (NY) M
S/, 7 nodal
1064 FDRMAT(/ Xe T THM B
$e12.9
1065 FORMAT (/ZX, " TO K
$212.3)
1066 FORMAT (/ZX, " THE EW/M. K
$212.9
1067 FORMAT (/3ZX, "EFSL
$2lZ.5)
1068 FORMAT (/ZX, " DENS kg/M3
$212.5)
1069 FORMAT (/3X, "HFUSI kd/kg

t2l12.3)

in X coordinate

Ending position of

in X coordinate

computed

in X

", IS)

in Y

« 15)
TL.el2. 5

T.el2.

Beginning position of Lomputpd

in Y coordinate

Ending position of

in Y coordinate

computed

=

,elﬁ.q

,El_.q

Melting temperature of workpiece

Initial temperature of workpiece

Thermal conductivity of workpiece

Emissivity of workpiece

Density of workpiece

Melting latent heat of waorkpiece

C++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

1170 FORMAT (/2X,

"FOWL="
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1180
1190
1200
1210
1220
1300
1310

250
1260
1270
1280
1290
1320
1230
1240
1340
13350
1370
1360
1380
1390

1510
1430
1410
1430
1440
1460
1470
1480
1490
13500
1520
1530
1340
1550

1355

1360
1570
1380
1590
1600
1660
1680
1610
1620
1630
1640
1650
1670
1690
%

FORMAT (/2¥,

A\
- X

FORMAT (/2

FORMET (/72X

FORMAT { /TX,
FORMAT (/2X,
FORMAT ( /2X,
X.-

FORMAT (/5
FORMAT (/5
FORMAT (/5

FDRMAT(/4X,
FORMAT (/2X,
FORMAT (/2X,
FDRMQT(//SX,

FORMAT (/75
FORMAT (/5 X
FORMAT (/SX,

FORMAT (/2X,°
FORMAT (/1X,

FORMAT (1X,

FORMAT (/2X, *
FORMAT (/2X, °

X, TFMF=T,
FORMAT (/2X,

FORMAT (/2X

FDRMAT(/JX,
FORMAT (/4X,
FORMAT (/4X,
X, R1(m)="

FORMAT (/S
FORMAT (/SX,
FORMAT{/5X

FDRMAT(/JX.

FORMAT (/SX

FORMAT (/SX,
X, VELOC.,TEMF.IN CORE AT LAST®

FORMAT (/2

FORMAT (/SX,
FORMAT (/SX,
FORMAT (/ /10X,
FORMAT (/2X,
FORMAT (/5X,
FORMAT (/2X,
FORMAT (/4X,
FORMAT (/SX, *
FORMAT (/2X,
FORMAT (/SX,
FORMAT (/2X,
FORMAT (/2X,
FORMAT (/2X,

FORMAT (/2X,
FORMAT (/22X
FORMAT (/2X
FORMAT (SX, °

SX,

A

JAELZ. S,

TENT1=" TX L AELD.S)
*OLOS1=" ,4E1Z.5, /7X,4E12.5)
CTEMFL=" (4E1T.5, /7X,4E12.5)
TTOTAL LOSS IN GAF I°
"DUDL1",4E12.5, /7%, 3E12.5)
*DUDLZ" ,4E12.5,/7X,4E12.5)
*TOTAL LOSS IN NOZZLE =°
L FOW2=", JAE12.5/10X, 4E12. 5)
TENT2=",4E12.5/10%,4E12.5)
DLDS”—'_4E12.5’10X 4E1Z.5)
"TEMFZ® ,4E12.5,/7X,4E12.5
"ELOSZ2" ,4E12.5,/7X,4E12.5
"STANDOFF COMFUTATION)
» "NOZZLE COMFUTATION)
*NN2.GT. 100%)
"UH, U0, COEFM® , 3E12.5)
LINE 285 TBEGI®,E12.4)
*ATA, TEEGI, TAMEI, TMID’ ,4E11.
"M,R1,R2,DR,RMID,ATA", I2,2E12
IN MAIN,NOM,MAR,MHE, FOWER® ,
ITER. IN STANDOFF,SEG.=",12,
F10.6)
*DUDLZ", 4E12.5, /7X, 4E12.5
. TOTAL LOSS IN STANDOFF =°
"FOWI=" ,4E12.5, /10X, 4E12.5)
ELOST=" , L4E12.5,/10X,4E12.5)
*TEMFI=",4E12.5, /10X, 4E12.5)
JAF10.8,/11X,4F10.8)
JAF10.8,/11%,4F10.8)
LAE12.5,/11X,4E12.5)
FLNSD='_4E 2.5,/11%,4E12.5)
. "ENERG=",4E12.5, /11X, 4E12.5)
*FOWER AID FROM SHIELD, FAID

+E

>

2

TR2(m) =",
SFLWFL="

ane oty

-~y

*T OF BOUNDARY, TEOUND=",E1
"COMVECTIVE LOSS OF JET (kW)
"WORKFIECE COMFUTATION)
*XSOUR™ ,2X,5F8.6)

"RADIUS OF KEYHOLE (m)=",E12
"AREA (MX42) " ,4E12.5, /12X, 4E17
’PLM,SDM,TEMF4(1)’,JE14.J)
IMFINGE LOSS (kw)® ,F8.5)
*@SEGM=",4E12.5, /8X, 4E12.5)
*TOTAL LOSS IN WORKFIECE
’PDN4='.4E1h.u./7X,4E12.5)
TENT4=" ,4E12.5,/7X,4E12.5

* TEMF4=" L4E12.5, /8X, 4E1_.d)
*OLOS4=" ,4E12.5, /8X,4E12.5
‘ELDS4—',4E1;.u./8X,4E12.5)
*QSO0UR=",4E12.5, /8X,4E12.5)

-

TDTAL FOWER INCLUDING HELIUM,

"TOTAL FOWER FROM LOSS, FTOTO

E12.5, 22X

JELZ,

"DUBC (v) " ,Fé.2)

AN

X, DUCG(v)* ,F&.2)

[
\_I;—

4)
.S, /5X,3E12.5)
14,2X,3E10.3)
2X, "NOM=", 14,

12.5,2X,

"DUGE (v) 7,

(kW)y=",
2E1

.5\

* L E1

E12.5)
2.5)

»

- =
. n-J‘

-5)

2.5)

JE12.5)

FTOTIN=",
E12.5)

E12.5,/
Us=’,

F&.2)

"FOLARITY COMDUC. LOSS AND FEFCENT. 2EL12.5)

"GAF L0OSS AND FERCENTAGE® ,2E12.5)

1700 FORMAT (/2X,
1710 FORMAT (/2X



720 FORMAT(/2X, NOZZLE LOSS AND FERCENTAGE® ,2EL12.5)
730 FORMAT (/2X, RADIAT.IN STANDOFF AND FERCENTAGE®,2E12.5)
1740 FORMAT (/2X, " COMVEC. IN STANDOFF AND FERCENTAGE® ,2E12.5)
1750 FORMAT (/Z2X, WORKFIECE LOS5 AND FERCENTAGE™ ,ZE12.%)
1760 FORMAT (/2X, DISCHARGE LOSS5 AND FERCENTAGE' ,ZEL12.5)
1770 FORMAT(/S¥, SUM. FERCENTAGE®,F8.5)
1780 FORMAT (/SX, "AMFCF1,2,37 ,3E12.5)
1790 FORMAT (/SX, " DURE, DUAF,DUAFR" ,TE12.5)
1800 FORMAT(/4X, DUFF=",E12.4,4X, DUFR=",E12.4)

END

SUBROUTINE AVERT (FLOFL,FLQSD,FSUM, TABT, TABFL, TAESD, TVERA)
DIMENSION TABT (20), TABFL (20) , TABSD (20)
COMMON MMM
WRITE (7,2000) FLOFL,FLOSD,FSUM
NN=O
TVERA=10G0H00.
10 CONTINUE

NN=NN+1
IF (NN.GT.200) THEN
WRITE(%,%)" Erro Stop ITER.EXCEED 200 IN AVERT, THEN &TOF”
STOF
ENDIF

CALL INSEF (TABT, TABFL, TVERA,EFL)

CALL INSEF (TABT, TAESD, TVERA,ESD)

FCOMF=FLOFLX¥EFL+FLOSDXESD

DFOWR=1 . -FCOMF /FSUM

IF (AES (DFOWR) . GE. 0. 010) THEN
TVERA=TVERAX (1. +DFOWR/10.)

WRITE (¥,3020) NN, DFOWR

GO 7O 1o
ENMDIF
WREITE(7,30Z0) NM,DFOWR, TVERA
RETUEN

I000 FORMAT (72X, "IN AVERT,MFL,MS5D,FSUM™ ,ZEL1.4)

I020 FORMAT (2X, "NN=",I3,2X, "DFOWR=",E12.3)

3030 FORMAT (/2X, "SUB.AVERT, NM,DFOWR,TVERA®,I14,2E14.5)
END

SUBROUTINE INSEF(A,E,C,D)
DIMENSIDN A(26),B(26)

COMMON MMM
IF(C.LT-A(1).0R.C.GT.A(MMM)) THEN

WRITE (%, %) ° Erro Stop INDEF. IS EEYOND SCOFE’
WRITE(X,%)" C=",C, A(1)=",A(1),”AMMM) =", A (MMM)
STOF

ENDIF

DO 30 K=2,MMM
IF((C.LE.A(K).AND.C.GE.A(K—1)) .0R.
$ (C.BE.A(K) .AND.C.LE.A(K~1))) THEN

Fage 12



D=E(H—1)+(B(H)~B(H—1))/(A(H)—ﬁ(ﬁ—l))*(C—A(H—l))

c WRITE (x,4010) C,D
GO TO 40

ENDIF
0 CONTINUE
c WRITE (%, 34020
40 CONTINUE

RETURN

4020 FORMAT(/SX, "WRITE FROM FORMAT =1 IN SUBR. INSEF™)
4010 FORMAT(/SX, " INDEF. C=’,E12.4,SX,’DEPEND3 D=",E12.4)

END
»
C ______________________________________________________________________
C
SUEROUTINE DEFTH(QORIG,H,NHH, ALFHA, VWELD)
DIMENSION Z(20),2Z(34) ,HH(15) , TEMF (25, 10, 10)
DIMENSION XMOLT(50),YMOLT(50),ZMOLT (S0), ZMY (SO) ,DZ(15),
®  DHZ(15),XMOLTO(S0), ZMOLTO(S0O) , TEMFO (10, 25, 10, 10)
common/dat10/NX,NY,X(25),Y(15),TM, TO, THK, EFSL, DENS, HFUS I
OFEN(8,FILE="C:WEL.OU1")
OFEN(9,FILE="C:WEL.OUZ")
OFEN(10,FILE="C: WEL.OUZ")
IF (NX.GT. 1) THENM
DO 1 I=1,MNX
XA =X (1) +FLOAT (I-1) X (X (NX) =X (1)) /FLOAT (NX—1)
1 CONTINUE
ENDIF
IF (NY.GBT. 1) THEN
DO 5 J=1,NY
YOI =Y (1) +FLOAT (J-1) % (Y (NY) =Y (1)) /FLOAT (NY—1)
5  CONTINUE
ENDIF
NZ=NHH
IF(NZ.GT. 1) THEN
DO & k=1,MZ
Z(K)=FLOAT (K—1) ¥H/FLOAT (NZ—1)
6  CONTINUE
ENDIF
NOM=1
DO 10 L=1,NHH
HH (L) =FLOAT (L—1) ¥H/FLOAT (NHH-1)
10 CONTINUE
C __________________________________________________________
TMOLT=TM-TO
V=UWELDXO. 0254 /460,
V2A=-Y/ (2. XALFHA)
AS=00RIG
Q4K=1./(4, X, 141S9%THE)
C ____________________________________________________________

DO 70 N=1,NHH

HHH=HH (N)
ZZ(1)=—16.%H-HHH

LZ(Z2)=—-16. XxH+HHH

Fage 13
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DO 20 k=3,24,2
L2 =77 (K=2)+2, XH
ZZ(E+1)=27 (K=1)+Z. %¥H
20 COMT IMUE
DO &0 E=1,NX
DO S0 L=1,NY
DO 40 J=1,NZ
DO X0 M=1,34
2Z2Z=Z2(JY-ZZ (M)
XXX=X (k)
YYY=Y (L)
R=SORT (XXXXX2+YYYXXD+ZZ7Z%%2)
RX=R+XXX
IF(RX.GT.10.) GO TQ &0
RX=V2AXRX
EXFAN=EXF (RX)
TEMPD(N,H,L,J)=TEMFO(N,H,L,J)+Q4k*EXPAN/R

30 CONTINUE
40 CONTINUE
50 CONT INUE

60  CONTINUE
70 CONTINUE
GM=0. 0
110 CONTINUE
DO 150 k=1,NZ
DO 140 J=1,NY
DO 130 I=1,NX
TEMF(I,J, K)=0.0
130 CONT INUE
140 CONTINUE
150 CONTINUE
DO 190 I=1,MNX
DO 180 J=1,NY
DO 170 k=1,NZ
IF (NOM.GT. 1) THEN
DO 160 N=1,NOH
TEMF (I,J,k)=TEMF (1,J,k)+QS/ZMAXOKDHZ (N) X TEMFQ (N, T,J, 1}
160 CONTINUE

ELSE
TEMF(I,J,K)=0SXTEMFO(1,1,J,K)
ENDIF
170 CONTINUE

180 CONT INUE
120 CONTINUE
IMAX=0.0
M1=0
MZ=0
MIE=0
DO 220 K=1,NZ
YMOLT (ED)=0.0
DO 210 I=1,NX-1
IF(TMOLT.GT.TEMP(I,I,H).AND.TMDLT.LE.TEMP(I+1,1,H))THEN
XM1=X(I)+(X(I+1)—X(I))*(TMDLT—TEMP(I,I,H))/

 weme
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S (TEMP(I+1,1,H)—TEMP(I,1,H>)
Ml=M1+1
XMOLT iM1)Y=—1000%xXM1
IMOLT (M1)=1000, %7 (F)
IMAX=AMAX1 (ZMAX, Z (K))
[1=1+1
ENDIF
IF(TMDLT.LE.TEMP(I,1,H).AND.TMOLT.GT.TEMP(I+1,l,H))THEN
XM2=X(I)+(X(I+1)—X(I))*(TMOLT—TEMP(I,i,H))/
E (TEMP(I+1,i,H)—TEMP(I,l,K))
MI=M2+1
XMOLTO (M2)=—1000. ¥XM?2
ZMOLTO(MZ) =1000.%Z (k)
IMAX=AMAX1 (ZMAX, Z (K))
I2=1
ENDIF
DO 200 J=1,NY~-1
IF((TMDLT.GE.TEMP(I,J,K).AND.TMDLT.LT.TEMP(I,J+1,H)).DW.
% (TMDLT.LE.TEMP(I,J,K).AND.TMDLT.GT.TEMP(I,J+1,H))JTY“N
YM=Y(J)+(Y(J+1)—Y(J))/(TEMP(I,J+1,K)—TEMP(I,J,H);a
% (TMDLT—TEMP(I,J,K))
IF CYMOLT (ED L LT. 1000, xYM) JY=J
YMDLT(H)=AMAX1(YMDLT(H),1000.0*YM)
IMY (KD =1000, 0xZ (k)
MZ=k
ENDIF
200 CONTINUE
210 CONT INUE
220 CONTINUE

C _________________________________________________________________
WRITE (X, %)™ Mi=" M1,” Ii=",I1,7 1I2=",612
IF(M1.LT.NZ) THEN
DO 240 I=I1,I2
DO 230 IM=2,NZ
IF(TMDLT.LE.TEMP(I,1,IM—l).AND.TMDLT.GT.TEMP(I,i,IM))THEN
ZMI=Z CIM=1)+ (Z (IM)=Z (IM=1)) % (TMOLT~TEMF (1,1, IM=1)) /
$ (TEMF (I,1,IM)~TEMF(I,1,IM~1))
M1=M1+1
XMOLT (M1)==1000. X (1)
ZMOLT (M1)=1000.0%ZM1
ZMAX=AMAX1 (ZM1, ZMAX)
GO TO 240
ENDIF
230 CONT INUE
240  CONTINUE

ENMDIF
DZ (1) =0.5% (HH(2)~HH (1))
DZ(M2)=ZMAX—O.S*(HH(M2)+HH(M2—1))
WRITE (%, %) " DZ(1)=",DZ(1)," DZ(M2)=",DZ (M)
DO 248 L=2,M2-1
DZ(L)=O.5*(HH(L)+HH(L+1))—O.S*(HH(L—1)+HH(L))
WRITE (%, %) " DZ(L)y=",DZ (L)
248 CONTINUE
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GM=0D, 0
DO 250 kK=1,MZ
CM=0M+2. ¥VEDZ (ED ¥YMOLT (K) ¥*HFUST#DENS*® (. Q01
250 CONTINUE
Q5QsS=a0RIG-EM
WRITE (x, x) " @505=",080S8, ° QORIG=" ,Q0RIG, 7 CM=", OM
DES=1.-Q50S/6S
IF(ARS (DAS) .GT.0.05) THEN
QS=05% (1. -0.2%xDQS)
G3 TO 119
ENDIF
IF (NOM.ER. 1) THEN
MOM=NOM+1
NOH=MZ2
ZMAXO=IMAX
DO 252 I=1,NOH
DHZ(I)=DZ (1)
252 CONTINUE
GO TO 110
ENDIF
WRITE (x, %)~ IMAX=", ZMAX, " ZMAXO=", ZMAXO
WRITE (%, %) ° IMAX/H=", ZMAX/H
IFC(1.0-ZMAX/H) .LT.1.E-6) THEN
WRITE(x,%)° A kevhole has been formed !'!'!°
ELSE
WRITE (%, %x)"* No keyhole '!!°
EMDIF
300 CONTINUE
MM=M1+MZ
WRITE(8,%)° MM=", MM
DO 310 I=1,M2
XMOLT(I+M1)=XMOLTOQ(MZ-I+1)
ZMOLT (I+M1)=ZMOLTO (MZ2-1+1)
310 CONTINUE
DO 220 J=1,MM
WRITE (8, %) XMOLT{J),ZIMOLT (J)
I20 CONTINUE :
WRITE (%, %) ° Z=",M3," Jdy=*,JY
IF(MZ.LT.NZ) THEN
DO 3E3 J=JVY,1,-1
IMO=0.0
DO 32 I=1,NX
DO 331 k=2,NZ
IF((TMOLT.LE.TEMF(I,J,k-1) .AND. TMOLT.GT.TEMF(I,J,.k) ) .0R.

£ (TMOLT.GE. TEMF (I, J,kK-1) .AND.TMOLT.LT.TEMP (I,J,K)}) ) THEN
IME=Z (E=1)+ (Z () -Z (K~1) ) ¥ (TMOLT-TEMF (I, Jd,K-1))/
% (TEMF (I, J,E)-TEMF(I,J,E~1))

IMO=AMAX1 (ZMOD, ZM3)
G0 TO 332

ENDIF
I3 COMTIMUE
332 CONTINUE
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MI=MZI+1

YMOLT (MZ) =1000,0%Y {(J)
ZMY (MZ) =1000 .  O¥ ZMO
c WRITE (x, %" J=",J," ¥YM=",YMOLT{MZ)," IM=",IMY (M)
IIZ CONTIMUE
EMDIF

DO I35 J=1,M3
WRITE (9, %) YMOLT (J), ZMY (J)
335 CONTINUE

C ______________________________________________________________________
IF ((1.0-ZMAX/H) .LT.1.E-&) THEN
WRITE (10, 3000) @508, 0ORIG, OM
ELSE
WRITE (10, 3005) 0S50S, RORIG, OM, 100X ZMAX /H
ENDIF
RETURN
3000 FORMAT (/3X,° 0ses QORIG oM Keyhole (Y/NY7?*,
$ J/IX,IF10.3, T Y7
3005 FORMAT (/3X, " @ses QORIG aM Keyhole (Y/NY?T,
$ /73X, IE10.3, " N, F&.1,% %7
END
c
C _________________________________________________________________________
c
SUEROUTINE CONVOQ (RJ,HJ, TJ,FLM, SDM, HW, PCONV)
COMMON MMM
COMMON TABTEM(20) , TARIFL (20) , TAECFL (20} , TABEFL (20) , TABISD (20)
COMMON ITMAX, DHMAYX, DTMAX
COMMON TAMEI,DNOZL,FMFL
COMMON TABCSD (20), TABKSD (20) , TAENFL (20) , TAENSD (20)
COMMON TW4, MREGA4, NREG4
NOM=0
200 CONT INUE

MOM=NOM+1
IF(MNOM.GT. ITMAX) THEN
WRITE (%, %) " Erro Staop ITERATIONS EXCEED ITMAX IN CONVAT
STOF
ENDIF
VIM=FL_M+SDM
write(x,x)* TJd=",TJ
HM=. 5% (HJ+HW)
FOW=YJIM¥HM
CALL AVERT (FLLM,SDM,FOW, TABTEM, TARBIFL, TARISD, TM)
CALL INSEF(TABTEM, TRRCFL,TJ,FLCF)
Catl. INSEF(TARTEM, TABCSD, TJ,SDCF)
CF=(PLCFXFLM+SDCFXxSDM) /VIM
CALL INSEF(TABTEM, TREBCFL, Tm,FLCPM)
CaLL INSEF(TAEBTEM, TABCSD, Tm,SDCFM)
CFM=(FLCFMXFLM+SDCFMXSDM) /VIM
CALL INSEF(TABTEM, TABKFL,TJ,FLAMD)
CALL INSEF (TARTEM, TAEKSD, TJ,S5DAMD)
AMD= (FLAMDXFLM+SDAMDXSDM) /VJIM
CALL INSEF(TABTEM, TABNFL,TJ,PLM)
CALL INSEF(TAEBTEM, TRENSD, TJd, SDN)



VISC= (FLMXFLM+SDNXSDM)Y 7V TM
REN=2.xVIM/RI/VISC/T. 14159
FRA=CF¥VISC/AMD
VNU=O. 78XRENXXQ, S¥FRAX¥O . I3
ALFAJ=. 3xVNUXxaMD/RJ
FCONY=Z.14139¥RJI¥RIXALFAJ ¥ (HI-Hw) /CFM
RETURNM
END
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APP?'\(]"X C

¥X¥ INFUT DATA FOR ALUMINUM x%x

SYMBOL  UNIT DESCRIFTION DATA
MMM Number of point in table 18
TABTEM K Temperaeture table Table attached
TABIFL kJ/kg Enthalpy of plasma gas Table attached
TABCFL kJ/kg.K Specific heat of plasma gas Table attached
TABKFL  kW/M.K Thermal conductivity of plasma gas Table attached
TABISD kJ/kg Enthalpy of shield gas Table attached
TABCSD kJ/kg.K Specific heat of shield gas Table attached
TABKSD kW/M.E Thermal conductivity of shield gas Table attached
TABMFL MHDO/M Electric conductivity of plasma gas Table zttached
TABMSD MHO/M Electric conductivity of shield gas Table attached
TABNFL kg/M.S Viscogity of plasma gas Table attached
TABNSD kg/M.S Viscosity of shield gas Table attached
NREG1 Segment number between electrode

and orifice 1
NREGZ2 Segment number of orifice 1
NREGZ Segment number of standoff 1
NREG4 Segment number of workpiece 7
VA v Ancde potential drop « SO000E+01
vC v Cathode potential drop .45000E+Dl
FIAL v Electrode work function - JO000E+01
FIAZ Vv Orifice work function . 45000E+01
FIAZ v Workpiece work function - 3BOO0E+0O1
TIME mS Time duration for straight polarity Variable
TIMER mS Time duration for reverse polarity Variable
DISL1 M Distance betwteen electrode and Variable

orifice
DISLZ2 M Axial length of orifice Variable

1



OIsL™

VVE

pAYS N

AFIL

AFILR

AMAI

AMAIR

DNOZL

DSHID

VFL

vSD

FLMOL

SDMOL

UR

ITMAX

DHMAX

DTMAX

TWi

TW2

TWa

HSURZ2

HSUR4

DXl

TAMBI

DFOLAR

AMDW

i

M
Coulomb
erg/k

A

M

M

scth
scfh
kg/kmol
kg/kmol

v

EW/M.E

Listance of standoff
Thickness of workpiece
Electron charge
Holtzman constant

Filot electric current in straight
polarity

Filat electric current in reverse
polarity

Main electric current in straight
polarity

Main electric current in reverse
polarity

Orifice diameter

External diameter of shield
Flasma gas flow rate

Shield gas flow rate

Molecular weight of plasma gas
Molecular weight of shield gas
Reverse polarity voltage rise
Maximum number of iteration
Maximum relative error of enthalpy
Maximum error of temperature
Electrode wall temperature
Orifice wall temperature

Workpiece wall temperature

Flasma enthalpy correponding to TW2

Jdet enthalpy correponding to TW4
Electrode length

Enviromental temperature
Electrode diameter

Thermal conductivity of electrode

2

Varitable
. OIS0O0E-DT
1SO20E-13
L 1Z2800E-1S

Variable

Variable

Variable

Variable

< 31800E-02
- 18000E-01
Variable
Variable
» 3IFFSOE+O2
. 400ZT0E+O1
«11480E+02
100
«SO00QE-02

- SOOQOE+O0
- 2S000E+0Q4
LA0O00CE+OT
. 91600E+03
« 20800E+03
- 47600E+0Z
Variable
« 29800E+0T
« SRE00E-02

- 23800E-01



FiSTqA Fraction power loss dusg to anode

and cathods drop W 2O000E D0
FAMBI N/M2 Environmental pressure S 1OLZ2E+0S
CFSD kd/hkg.k  Specific heat of shield gas with LS19I0E+D]
environmental temperature
ALFA M2/S Thermal diffusivity of workpiace -32410E~04
VWELD ipm Welding speed «FLOGOE+O1L
NX Number of computing nodal in X 135

coordinate

NY Number of computing nodal in Y 7
coordinate

X{1) M Beginning position of computed —. 70000E-02
nodal in X coordinate

X (NX) M Ending position of computed « 70000E-02
nodal in X coordinate

¥ (1) M Beginning position of computed « OQOOOE+QO
nodal in Y coordinate

Y (NY) M Ending position of computed - 7O000E-02
nodal in Y coordinate

™ E Melting temperature of workpiece - F1600E+0T

TO K Initial temperature of workpiece . 29BOOE+OX

THE kW/M. K Thermal conductivity of workpiece « 12000E+00

EFSL Emissivity of workpiece « 10000E+0Q0

DENS kg /MZ Density of workpiece < 26EQ0E+Q4

HFUSIT kd/kg Melting latent heat of workpiece - SB7Q0E+QE



Temperastures

« SOO0E+O4
 1QOOE+OS
« 1SQOE+0OS
< 2000E+05

Enthalpy

- 1562E+04
- G125E+04
- I5S3E+0OS
- 3P4SE+0T

Specific

- S192E+00
-1511E+01
QLEIE+O1

.n1-6E+U1

Attached

(k)

CEOO0E+DG
< 1T1IO0E+DS
< 1&6QOE+OS
CRZ200E+0S

of Flasma Gas

- 313BE+0QO4
-81464E+04
cA4IB4E+0S
- 6862E+05

Heat of Flasma

«S192E+0Q0
~2721E+01
< 7159E+01

S7IE+G1

Thermal Conductivity of

- 1440E-03
. 6250E-03
.2417E-02
. 2644E-07

Enthalpy

- 2S27E+05
< S194E+05
- 877IE+0S
s 2OZ4E+O06

Specific

LS19TE+O1L
- S266E+01
- 1232E+02

-6880E+02

.lééOE—QE
< P610E-
- 2 31SE- (_‘:

- Z0P4E-02

of Shield BGas

c I11G6E+0OS
- S728E+05
»10Z2T7E+0S

AIT2ZE+OE

Heat of Shield

SS19IE+OL
- S453E+01
L 1777E+02
- FS2EE+O2

Thermal Conductivity of

< FLO0E~-OZ
- 1Z00E-02
- E900E~-02
« I700E-0O1

Electric

.10105+ﬂ“
« 27ITQE+Q4
« TAQOE+D4
< 1O40OE+OS

» PTO0E-03
«1620E-02
«1174E-01
. Z860E-0O1

< 1010E+03
< 3T7I0E+O4
-B2OOE+04
- 1080E+05

Table

Gas

Flasma Gas

(kJ/kg)

Gas

Shield Gas

Conductivity of Flasma Gas

L TOOOE+DS
- 1200E+05
< 1700E+05
- Z400E+0S

(kd/kg) (ARGON)

- SESZE+O4
.118ZE+05
«A49S7E+0OS
.BGETE+DS

(kJ/kg. kD)

CS4CQ1E+O0
487 7E+OL
<4731E+01
11Z22E+02

. 2030E-03
. 1403E-02
. 2252E-02

- 2542E~-02

< ZOETTE+DS
- B2FSE+OS
- 1245E+06
-&19BE+05

(kd/kg. k)

.S19IE+01
. S924E+01
. 2S8BE+02
. 838B4E+02

. 9S00E-0Z
- 1240E-02
- 163BE-0Q1
. 3420E-01

< SHLIOE+OT
-4740E+04
-.BB1OE+0O4
- 1O30E+0S

4.

for Aluminum

(EW/M. KD

(HEL TUM)

(kW/M.ED

(MHO /M)

. 8O00E+D4
- 1Z00E+05
- 1800E+0S

CA22QE+04
- 1778E+05
c SIT72E+OQS

(ARGON)

« G2BOE+0QO
« 724TEFO1
~S211E+01

(ARGON)

- 2720E-03
- 1901E-02
« 2294E~-02

~41S3E+05
- 6EFISE+OS
JASEZE+DS

(HEL TUM)

.S193E+01
.6952E+01
L37Z0E+0Z

(HEL TUM)
- 1028E-02
« SOGEOE-0O2
C2260E-Q1
(ARGON)
SPE2Z0E4+O3

- ST40E+04
.PTIOE+04

- FOO0E+D4
< 1A00E+0S
- 1Q00E+05

< 4966E+04
- 261TE+05
cSELHIE+OS

«8918E+00
- PR53E+01
< 27F4E+Q1

< 4020E-03
. 2297E-02
- 24TEE-O2

- AET4E+DS
- 7IBE+OS
C2011IE+OS

-S229E+01
.B213E+01
- J183IE+02

«1164E-02
«4980E-02
- 2980E-01

A770E+04
- LETOE+OS
. F880E+04



Electric Conductivity of Shield Gas (MHO/M)  (HELTUM)

. 4288E-01 - 7EIZ2E+OD  2OT7O0E+01 -S458E+01  14Z9E+02
L STRTE+O2 < 1O00E+0Z -ZS1IRE+OQX ~-EI10E+0T < 1251E+04
- ZO0ZE+OQ4 . 28B7E+04 - Z648E+04 - 4T4BE+Q4 -S1IZ7E+04
 ST20E+0Q4 . TORTE+0O4 -B8724E+04

Yiscosity of Flasma Gas (kg/M.S) (ARGON)

< 13290E-03 - 2090E-0T . 23Z0E-03 - 2S60E-0Z « Z2770E-OT
«ZFO0E~-O3Z - 2840E-03 - 2450E-03 L 1810E-07 - 1170E-03Z
.7110E-04 «4460E-04 - 3130E-04 . 2S570E-04 - 2I80E-04
- 2Z00E-0Q4 L2100E-04 - 1360E-04

Viscosity of Shield Gas (kg/M.S) (HELIUM)

- 1000E-03 - 1400E-03 . 1550E-03 « 1620E~-03 - 1700E-03
. 1840E-03 - 1920E-03 - 2000E-0Z - Z060E-0T L 2120E-03
«2180E-03 - 2200E-03 . 2180E-03 - 2110E-03 - 2080E-03
- 1950E-03 - 1600E-03 < 1000E-O3



Appendix [: Input Data in Program (I)

(Mild Steel)

SYMBOL DESCRIPTION DATA

MMM Number of point in table 26

TABTEM Temperature table Table Attached

TABIPL Enthalpy of plasma gas (Argon) Table Attached

TABCPL Specific heat of plasma gas Table Attached
(Argon)

TABKPL Thermal conductivity of plasma Table Attached
gas (Argon)

TABISD Enthalpy of shield gas (Argon) Table Attached _

TABCSD Specific heat of sheild gas Table Attached
(Argon)

TABKSD Thermal conductivity of sheild Table Attached
gas (Argon)

TABMPL Electric conductivity of plasma | Table Attached
gas (Argon) ~

TABMSD Electric conductivity of sheild | Table Attached
gas (Argon)

NREG1 Segment number between 1-5
electrode and orifice N

NREG2 Segment number of orifice 1-5

NREG3 Segment number of standoff 1-5

NREG4 Segment number of workpiece 1-5

VA Anode potential drop v

vC Cathode potential drop 4.5V

FIAL Electrode work function 2.6V )

FIA2 Orifice work function 4.5V

FIA3 Workpiece work function 4.2V

TIME Time duration for straight 19ms
polarity

TIMER Time duration for reverse 4ms
polarity .

DISL1 Distance between electrode and 1.1938mm
orifice |




D: Input Data in Program (II)

SYMBOL DESCRIPTION DATA X

DISL2 Vertical length of orifice 3.175mm

DISL3 Distance of standoff Variable

DISL4 Thichness of workpiece 6.35mm

VVE Electron charge 1.602x10"" coulomb

VVK Boltzman constant 1.38x10°' erg/k

APIL Pilot electric current in Variable
straight polarity )

APILR Pilot electric current in ' Variable
reverse polarity e

AMAT Main electric current in Variable
straight polarity

AMAIR Main electric current in Variable
reverse polarity

DNOZL Orifice diameter 3.175mm

DSHID External diameter of sheild 18mm
gas

VPL Plasma gas flow rate Variable

VSD Shield gas flow rate Variable

PLMOL Molecular weight of plasma 39.5 kg/kmol
gas (Argocn)

SDMOL Molecular weight of shield 39.5 kg/kmol
gas (Argon)

URA Constant in computation of 12.2
reverse polarity rise -

URB Constant in computation of 16
reverse polarity rise

ITMAX Maximum number of iteration 100

DHMAX Maximum relative error of 0.005
enthalpy

DTMAX Maximum error of temperature 0.5K

TWI Electrode wall temperature 2500K

TW2 Orifice wall temperature 353K

TW4 Workpiece wall temperature 1727K

2




D : Input Data in Program

(III)
SYMBOL DESCRIPTION DATA
HSUR2 Plasma enthalpy 150 kJ/kg
corresponding to TW2 (Argon)
HSUR4 Jet enthalpy corresponding 900 kJ/kg
to TW4 (Argon)
DXW Electrode length 68.072mm
TAMBI Environmental temperature 298K
DPOLAR Electrode diameter 3.9624mm
AMDW Thermal conductivity of 23.5 W/m.XK
electrode
PSIA Fraction of power loss due 0.
to anode and cathode drops
PAMBI Environmental pressure 101320 N/m?
CPSD Specific heat of shield gas 0.5205 kJ/kg.K
with environmental
temperature (Argon)
NX Number of computing nodal in 10
X coordinate
NY Number of computing nodal in 20
¥ coordinate
NZ Number of computing nodal in 2
Z coordinate
NHH Number of heat source 1
X Position of computed nodal Variable
in X coordinate
Y Position of computed nodal Variable
in ¥ coordinate
z Position of computed nodal 0., 6.35mm
in Z coordinate N
HH Position of heat source 3.175mm
Bl
H Workpiece thickness 6.35mm i
v Welding speed Variable )
ALPHA Thermal diffusivity of 5.45x10°% n¥/s

workpiece

3

N




D : Input Data in Program (IV)

SYMBOL DESCRIPTION DATA

THK Thermal conductivity of 21.63 W/m.K
workpiece

DENS Density of workplace 7900 kg/m’

HFUSI Melting latent heat 272 kJ/kg

TMOLT Temperature rise 1429K




Appendix D:

Attached Table for Mild Steel (I)

THERMAL CONDUCTIVITY OF PLASMA GASi(kW/m.K) ( ARGoN )
1013E-03 . 1057E-03  .1174E-03  .14325-03  .1933E-03
+2820E-03  .427SEZ-03  .6550E-023  .9918E-03  .1463E-02
-2050£-02  .2363E-02  .2573E-02  .2480E-02  .2348E-02
2374E-02  .2507E-02  .2637E-02  .3148E-02  .3632E-02
4128E-02 . 48238-02 1208-02  .5818E-02  .6116E-02
.6365E-02 ' | e
ENTHALPY OF SHIZLD GAS (kJ/kg) ( ARGON)
-1562E~04  .20822+04  .2603E+04  .3125E+04  .3654E+04
42155404  .4894E+04  .5931Z+04  .7892E+04 -.1173E+05
-1823E+05  .26BCE+05  .3549%+05 42875405 . 4874E+05
S351E+03  .57BIE+05  .6143E+05  .63885+05  .B590E+05
11128+06  .12985+06  .14415+06  .1609E+06 .1831E+08
. 19565408 ' | -
SPECIFIC HEAT OF SHIELD GAS (kJ/ks.X) (ARGON )
.5205E+00  .5205E+00  .5209E+00  .5238E+00 .5382E+00

.5372E+CO

CTTSLE-GL

.4370E+C1L
11735+02
12332+-02

CU

L1370E+01 -

LAJ

L83E+01L

J3771E+CL

7329E+01

T2713E-C1L

.52525+01
.9T00E+01

" .31L15E+Q1L

.5238E+01
.« 113SE+02
.1229E+02



( ARGoN )

(kW/m. K}

-

SAS

(

ST oA DM
FLAIMA

Attached Table for Mild Steel (II) °
OF

D

(S0

{r}
")
m

o
Ly

'
frl
i~

uw

.1483E-02

z-33

D

-

.1173E+05

2E+Q4

( ARGoN )

)

&

IR

)
’

e T
LR XV PN

-

)

=04

-
L+

o

g2

2
-

-
.

S
68 :
£9:
70:
71
73
T4:

61
" BZ
63:
64
£5:
&
87
/

1g]
o

($3)

[lg]
()]

75:
7

ul

!
-1
wy
.”. )

:.u

o .

.1831E+08

(ARGoN )

.1E02E~08

E+Q8
<d/kg.X)

1
&

(

<
>

HIELD GA:

-
-
~

AT OF

oo
394

v

-
-

+08

SPECIFI

77
73:
75
80C:
81:
82:
83:
84:
85:

~ -

.523EE+0Q0 .5382E+00

202E+Q0

(Sl
~ -

+Q0

Ix}
)

o™
[{¢]

0

08E+CO

)
[(p)

ee:
8

~

SE+0OL

-l

-4

153

22719

SE+O1

f

1327

+00

33}
.
t~

.73

83:
ES:

.1229E+02

.9700E+01

1—c—‘ .I .
LLLTEE+GZ

90:
9L:
g2:
93:
g94:
33:
9€:;
97
Q& :
g5



D: Attached Table for Mild Steel (III)

100, 1472 _
106 THEIRMAL LHILLGOTIVITY D 3AZ RWom. ® )
lOl'
10<: -1GL3E-C3 .lOS7E-03 L LITHE-O3 .1432E-03 .1933E-03
103:

104: .222C=2-03 .4273E-03 .B330E-03 .8518E-03 .1463E-02

..‘l
4

1C35:

106: L2050E-02 .28832-02 .2B7T3E-32 .2480E-9Q°2 .2Z48E-{2
107:

108: L23T4E-02 .2307E-02 .2837E-O2 .31485-02 .3E32E-32

" 109
110: .4126E-02 -4623E-02 .5120E-02 .3618E-02 .6116E-02
111: .
112: .B383E-Q2
.. 113
"114:
115:
11i6: ELECTRIC CONDUCTIVITY O
- 117:
118: .59608--04 .1270E+00 . LO20E+Q?2 .101CE+03  .36101r:(03
119:
120: BL3QE-nn L1T7TCE+0Q4 .2730E-04 - .3730E+04 .47405+04

PLASMA GAS (MHO/m) (ARGoON ) i

f]’,

121:

122: .ST7AUE-TY LB8TCE+O4 . T4503+04 2005+04 .BE10E+C4
125

124 .973CE+04 .3BE0E+04 .1040E+05 .108CE+0S . 10505405
12z

128: L LOZOETe0s . 10408+05 . LI90E+05 .1130&+03 .1180KE+03
127

128 LLIT0E-05

- 129

130:

131: : ,
32: ELECTRIC c::.;e:::;ur"""f G& SHIZLD GAS (MHO/m) (ARGO# )
133: ) .
134: .BEB0E-Q4 LL27¢E+00 .1030E+02 .101CE+03 .3810F--03
135: o

136: .GZ30E+03 . L7TCE+04 .273CE+04 .3T30E-04 L 4T40E+04

7
137: o _—
138: -5740E+04 .E870E+04 -7T420E+04  -.820CE+04 . .881l0E+04

135:

140: .87305+04 .9880E+04 .1040z+05 . 108JE+0S L 1050E 0%
141:

142: .1020E+05 . 104CZ+G3 LACG0ELQ3 .1130E+3S L1LEQH -0

143:
144: .1170E+05

|
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Appendix E : Nomenclature

Ac = Crown reinforcement area (m?)

Ar = Cross-sectional area of electrode (m?)
Ay = Orifice circumferential area (m?)

Ar = Root reinforcement area (m?)

C, = Constant pressure specific heat (T/kg+k)
D = Orifice diameter (m)

Dy = Electrode diameter (m)

D¢, = External diameter of shielding gas (m)
d. = Crown bead width (m)

d,. = Root bead width (m)
—— = Voltage drop per unit length (V/m)

d, = Feed wire diameter (m)
= Gravitational acceleration (m/s?)
h. = Crown height (m)
hetit = Plasma jet enthalpy at the exit_ of_ygr}_cp_irece (J/kg}l_._,

hy = Plasma enthalpy corresponding to the orifice wall temnevature
(I/kg)

hpiasma = Plasma enthalpy (J/kgq)
h,. = Root height (m)

h, ;, h, ,o = Plasma enthalpy at entrance and exit ends, resp. .. iy,
of gap between electrode and orifice (J/kg)

h, ,ir by ,o = Plasma enthalpy at entrance and exit ends, respeci: Lely,
of orifice (J/kq)

h; i, hy ,0 = Plasma enthalpy at entrance and exit ends, respectively,
of standoff column (I/kqg)



hy,i, hy,, = Plasma enthalpy at entrance and exit ends, respectiivcly,
of workpiece keyhole (J/kg)

In*, Ip,” = Main electric current in straight and reverse
polarities, respectively (A)

I)%, 1.° = Pilot electric current in straight and reverse
polarities, respectively (A)

~
]

Thermal conductivity of Plasma jet (W/m'k)

~
™
[

Thermal conductivity of electrode (W/m+k)
Ly = Length of electrode (m)

L, = Distance between electrode and orifice (m)
L, = Axial length of orifice (m)

L; = Column distance of standoff (m)

L; = Thickness of workpiece (m)

ﬁ,l = Plasma gas mass flow rate (kg/s)

Mgy = Shielding gas mass flow rate (kg/s)

M,,; = Molecular weight of plasma gas (kg/kmol)
M,4 = Molecular weight of shielding gas (kg/kmol)
n = Parabolic expocnent of reinforcement shape
F_ = External pressure (N/m?)

Ppy = Partial pressure of plasma gas (N/m?)

Py = Power input at electrode (W)

Py = Environment pressure (N/m?)

Pgq = Partial pressure of shielding gas (N/m?)

P;,1 = Joule heating power input in the gap between electiode and
orifice (W)

Py, ., Joule heating power input in the orifice (W)

Joule heating power input in the standoff column (W)

P;,3

Py,1 = Orifice work function induced power input (W)

T ———— e e



Py,,; = Orifice anode drop induced power input (W)
P,,1 = Workpiece work function induced power input (W)
P,,2 = Workpiece anode and cathode drops induced power inpvii (W)

Py,is Py, , = Plasma arc power at entrance and exit ends respe«i feely,
of gap between electrode and orifice (W)

Py,i+ Py, = Plasma arc power at entrance and exit ends respeatively,
of orifice (W)

P;,i/, Py ;0 = Plasma arc power at entrance and exit ends res:: - Cively,
of standoff column (W)

Py,is Py, , = Plasma power at entrance and exit ends, respeni i - of
workpiece keyhole (W)

Q4is = Plasma arc discharged power loss (at exit end of ke. - = W)

Q¢ = Power loss in the gap between electrode and orifi. .

Qx = Total power loss in the orifice (W)

Qy,c¢ = Convective heat transfer power loss in the orifice (w)

Qu,e = Free electron power loss in the orifice (W)

Qy,¢ = Direct power loss from the surface of the orifice contr: .- - by
total power input to work function and part of power - .t
anode drop at orifice (W)

Qs,r = Standoff column radiative power loss (W)

Qs,c = Standoff columln convective power loss (W)

0
"
]

Standoff column total power loss (W)
Qy,. = Convective heat transfer workpiece power loss (W)

Qy,e = Free electron power loss in workpiece (W)

Q. = Total power loss in workpiece (W)
R = Universal gas constant (J/mol-K)
Rg = Effective radius of plasma jet (m)

R, = Qrifice radius (m)

R; = Distant between source and point of computation at workpiece

(m)

ORIGINAL PAGE !5
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Ty = Effective temperature of plasma jet; Electrode temperaii: e (K)

Ty = Environment temperature (K)

H
]
)

= Melting temperature of workpiece (K)

Ty, = Jet core temperature; Initial temperature of workpiece (K)
U = Welding traveling Speed; plasma jet velocity (m/s)

Uy = Ambient flow velocity (m/s)

U, = Jet core velocity (m/s)

Var Vg, Ver Vg, Ve, Vg, Vs = Straight pPolarity electri. e,
shown in Figure 1, at point. i,
C, D, E, F, and G, respecti.. 2 (v)

Val, Vg7, Velr Vp o, VeE'r Vg7, Vs’ = Reverse polarity elec:i: .
voltage, shown in Figore 1,
at points a-, B, ¢, pns E’,

F’, and G-, respective- V)
V¢ = Plasnma volumetric flow rate in the gap between
electrode and orifice (m3/s)
Vs = Plasma volume in the Standoff column (m3/s)

V., = Wire feeding speed (m/s)
W, = Initial gap distance between two workpieces (m)
Xy = Distance of Jet Initial Region (m)

Coordinate axis

]
i

]
o
1
0O
o]
(o]
A
o8
[»
o |
[T}
t
o
‘-f
(o)
o
1
[
0
1]
o}
H
o)
|
0n
g
[}
t
[
[V}
[
ct
g
o]
1)
R
[V}
(18
[
H
(1]
o N
b
0n
ct
2
o
=
13
'
[A]
=

Z = Coordinate axis

2. = Coordinate to be used for spatial temperature distribat ion
Computation (m)

Z, 35 = Heat source spatial point of distribution (m)
@ = Angle (rad); workpiece thermal diffusivity (m?/s)

0:’(,';.';’2?\:!‘;& Rters 5



B = Angle (rad)

aV,, a4V, = Anode and cathode electric potential drops, respectively
(V)

av, t, AV,”™ = Main electric voltage drops in straight and reverse
polarities, respectively (V)

av_ot, av. -

P p = Pilot electric voltage drops in straight and reverse

polarities, respectively (V)

€ = Emissivity of workpiece

€k = Reverse polarity voltage rise (V)

s = Surface tension coefficient (N/m)

¢ = Fraction of heat source distributed in spatial coordinate
$¢ = Electrode work function (V)

$x = Orifice work function (V)

$, = Workpiece work function (V)

¥ = Fraction of orifice, or workpiece, power loss contritited by
anode and cathode drops

n = Dimensionless coordinate

= Mass of plasma gas in unit volume of plasma jet (kn. .":

"o
©
—

|

= Mass of shielding gas in unit volume of plasma jet (kg/m?)

©

"]

.
|



-

Basic Input Parameters (I)
(Aluminum #2219-T87)

Description

Distance between electrode and nozzle
Vertical length of nozzle
Thickness of workpiece

Length of electrode

Nozzle diameter

Electrode diameter

Thermal conductivity of electrode
Argon gas mass flow rate
Electrode work function

Nozzle work function

Workpiece work function

Anode potential drop

Cathode potential drop

Main electric current in straight polarity

Main electric current in reverse polarity
Pilot electric current in straight polarity
Pilot electric current in reverse polarity
Time duration for straight polarity

Time duration for reverse polarity
Electrode temperature

Nozzle temperature

Environment temperature; Initial
temperature of workpiece

6

Data Taput

1.117¢6 mm

3.27¢4 mm

3.9644 um
23." “W e °K

varici. .

4.5V
Variahle
Variahle
Variable
Variable
19 ms

4 ms
25004 °K
400 °K

298 %k

ORIGINAL PAGE IS
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Symbol

Basic Input Parmeters (I1)

(Aluminum #2219-787)

Description

Plasma enthalpy corresponding to orifice
wall temperature

Plasma enthalpy Corresponding to keyhole
temperature

Fraction of bPower loss due to anode and
cathode drops

Welding traveling Speed

Thermal conductivity of workpiece

Thermal diffusivity of workpiece

Density of workpiece
Melting heat of workpiece
Emissivity of workpiece

Melting temperature of workpiece

ORGINAL FAGE 1s

OF POOR

QUALITY

Data Tnput

kT
0.208 —
g9
k>
0.476 ——
J
0.0
0.5 - .0
Vavi=ile
kw
0.13 —
W OK
r-:m2
5.67: 10°°% —
S
2650 kg /m3
387 ki b
0.1
916 %)



Appendix F Block Diagram of Penetration Depth Calculation

Structure Diagram of WELD(Q Computer Program
(Computation of penetraton depth)

Main Program

AVERT [ CONVO DEPTH

INSEP

 Explanation of WELDQ Program Structure

L

Main Program
Input physical parameter tables of plasma and shield gas and initial parameters of vy

i

Ccass

Compute distribution of related physical parameters of plasma and shield gas,suchaselii

potential , power , power loss , enthalpy, etc., between torch and workpiece.

Subroutine AVERT

Compute mean temperature of plasma and shield gas mixture with given

plasma and shield gas flow rate and power of the mixture.

Subroutine INSEP

Compute interpalatively temperature or enthalpy and their corresponding values of related
physical parameters of plasma and shield gas with input values of plasma and shield gas
material constants and given lemperature or enthalpy of plasma and shield gas.
Subroutine CONV(

Compute power ransmission from plasma jet to workpiece through heat process.

. Subroutine DEPTH

Compute temperature distribution » geometry of molten pool of workpiece and
depth of partial penetration of welding process.




Flow Chart of WELDQ Computation Program

Open data documents :
WELDTAB.DAT

WELDIN.USE
WELDOU.USE

4

Input physical parameters of plasma and shield gas

4

Input initial parameters of welding process

(

Print input datas to WELDOU.USE

4

Initial mass flow rate and velocity plasma and shield gas

/
Parameter distribution of plasma at location between
electrode and orifice

y

Related parameters of plasma in the orifice

[

Parameter distribution within stanoff column

4

Call DEPTH 10 compute penetration depth
and print output

y
stop

T —— e e



Appendix G Block Diagram of VPPA Modeling Structure

Structure Diagram of Diagram of WELDBOTH
(VPPA Modeling)

Main Program

AVERT ) " CONVO WIDTH

INSEP

Explanation of WELDBOTH Program Structure

1.

Main Program

Input physical parameter tables of plasma and shield gas and initial parameters of welding process.

Compute distribution of related physical parameters of plasma and shield gas ,such as electric
potendal , power , power loss , enthalpy , etc., between torch and workpiece .

Subroutine AVERT

Compute mean temperature of plasma and shield gas mixture with given
plasma and shield gas flow rate and power of the mixture .

Subroutine INSEP

Compute interpalatively temperature or enthalpy and their corresponding values of related
physical parameters of plasma and shield gas with input values of plasma and shield gas

material constants and given temperature or enthalpy of plasma and shield gas.
Subroutine CONV4

Compute power transmission from plasma jet to the wall of keyhole in workpiece through
heat convection process.

Subroutine DEPTH

Compute crown and root widths based on temperature distribution of workpiece and geometry
of keyhole.



Flow Chart of WELDBOTH Computation Program

Start
WELDTAB.USE
Open data documents : WELDIN.USE
WELDQU.USE

Input physical parameters of plasma and shield gas

y

Input initial parameters of welding process

(]

Initial mass flow rate and velocity plasma and shield gas

(]

Parameter distribution of plasma at location between
electrode and orifice

¥

Related parameters of plasma in the orifice

]

Parameter distribution within stanoff column

Call CONV4 to compute distribution of convective

heat loss invkeyhole

Compute power loss distribution in keyhole

'

Call WIDTH to compute geometry of keyhole

No

Convergent ?

Print output

1
stop



Appendix H
Comparison Between Results of Model

Computations and Experimental Measurements

Figures H-1 to H-63 show the comparison between the results of

model computations ang experimental measurements, Model

In Figures H-32 to H-38, comparisons are made for leading edge
angle between model computated values and that of the values of
experimental measurements. There are so many parameters which

could be changed in the experimental measurements. It ig very hard

model computation and experiment. The results also show that the
tendency and magnitudes of the model computations are very much the

Same as that of the experimental measurements.

/



Figures H-39 to H-62 show the comparison for crown width and
root width between model computed values and that of the values of
experimental measurements. The results show that the model
computation and the experimental measurement are relatively in good
manners of agreement. It is noted that some parameters provids a
great influence on the model computation of the crown and root
widths. However, within the range of proper control of paramai==s,
it can anticipate to predict a fairly reasonably good valiic:. «.f
model computation in crown and root widths agreeable in comp: i .
with the experimental measurements.

As to the problems of abnormal welding, model formul:*%. =
illustrated in Section VII of this report have been adopte i i
calculate the probability of the keyhole full and paxt::.i
penetrations of the welding workpiece. Table H-A shows the results
of model computations for keyhole full and partial penetratiun o
the workpiece in comparison to experimental measurements of I:
Numbers 7A to 7P 1listed in the report accomplished by Nichol-
Research Corporation (1992), while Table H-B illustrates the
results of the similar model computations in comparison tc
experimental measurements of ID Numbers 8A to 8N listed in the :ame
report. It shows that the results of model computation are
basically all agreeable with the experimental measurements based on
the points of the possibility of keyhole full and pai=.'.
penetrations of the welding workpiece.

For the purpose of making easier comparison for the
possibility of keyhole full and partial penetrations of welding

workpiece among so many different controlled parameters of welding

2
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Figure KH-¢3 with V'H/(2a) ag the horizonta] coordinate ang

Q/[4n"H'U¢AI; + apL,)] as the vertical Coordinate. Here,

v = Welding Speeq

H = Thickness of workpiece

a = Thermal diffusivity of workpiece

k = Thermal conductivity of workpiece

AT = Temperature difference between molten .3

initial temperatures of workpiece

= Density of workpiece

L, = Latent heat of molten workpiece
Q = Total power absorption of workpiece during rh.
welding Process.
Recall that there is no avallable eéxXperimental measurements . )

values experimentally. Q values adopted in Figure H-63 A
Calculateq based on the Physical model illustrateq in Equation (7~
3) of this report.

Figure H-g3 shows the Critical curve for keyhole fu11 and
partial Penetrations of welding workpiece fronm the model
computation. 71p this figure, the left-hang upper region shows the

Zone of keyhole full bPenetration while the right-hang lower rovin,

illustrates the 2zone of partial Penetration. This curve jis

ORiGINAL PAGEIS
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numbers 7 and 8 from the Nichols report are also Plotted. 1In these
experiments, aluminum workpiece with thickness of 1/4" (6.35 mm)
are used. The results show that the model computations predict the
keyhole full and pPartial penetrations of welding completely

agreeable with that of the experimental measurements.
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(W)
.14

.163
.199
.148
.173
.212
.167
.156
L1115

.2

1.604
1.590

(kW)
1.740

Table H-A

1.404
1.394
1.507

2
-

74

«w
u

uy

¢l
")

1.479

1.347

N

.183

1.614

9%

i

uy

=

4
[4V]

-
.

1.373

1.257

N
N
N

$9.3 %

N €4.3 %
N 52.8¢%
N 61.7 %

N

.141
171
.135
.1e3

1.528
1.455
1.585
1.755

1.385
1.321
1.422
1.863

752 |
7G2 |

7G1

" 7G3 !



“Table H-A (b)
741 f 1.385 1544 145 NoBo.2 %y
Ho g 1515 1.801 174 N 62.8%
H3 f 1.665  1.874 209 N 75.0% N
711 f 0.981  1.087 106 N 77.14% INTERMTT
71 f 1.098  1.222 134 Y INTERMIT
713 f 1.23 1.385 172 Y INTESMIT
701 g 1.004  1.111 107 N INTERMIT
7J2 g 1.133 1.284 151 Y INTERMIT
773 g 1.246  1.428 180 Y INTERMIT
741 g 1.074  1.202 125 N INTERNIT
7K 1.157  1.364 167 Y INTERMIT
7X3 f 1.305  1.501 196 Y INTERNIT
71 { 1.137  1.290 153 Y INTZRMIT
700 § 1.281 1444 183 y INTZRNTT
73| 1.330  1.500 212 Y INTERMIT
™ { .961  1.07 110 N 46.7% N
e f 1111 1.248 127 N 50.5% N
™! 1.228 1384 156 N os2.7% N
7N g 1.011  1.123 113 N 47.0% B
N2 f 1.155  1.299 144 N 51.2% N
N3 g 1.280  1.444 164 N 52.2% N
701 g 1.072 1.202 1130 N 49.4% N
702 f 1.216  1.270 154 N 52.1% N
703 f 1.345  1.519 152 N 54.1% N




t

» 1.1F2 1.312 BEY NoOSL.2% H
]

!

r1.311 1.473 .133 N £3.8% N
]

'

i 1,445 1.623 134 N 83.1% N
)

1

__..__-_-—_-__-__--_-_—-—_-_-—-—_—----_-———————-—_--_--_-_-—--_

Matera]l 1/4"(6.35mm) 2218-T37 Aluminum (TA-THY)

1/4"(6.25mm) A35 Mild Ste=l (7I-7P)

Power obsorbed by workpiece.

Latent powar of workpiece.

Conduction loss in workpiece (= QORIG-QM).
values are calculated by the model



Table H-8

1.101 1.180 .070 N 8s5.

CALCULATION Compasen WITH EXFERINMGNT
Estimacing whatho Eoyhals nun b2 Soiered
-_-__?-__---______-_____-_---___-___-__; ________________________________
! CALCULATTON ! EXFERIMENT 2EIULTS
IDs | ' ' i
i QCCS  QORIG QM Kavhola? [Weld widthiWeld height!Bead Ap-
1ok (kW) (kW) (Y/N) Crewn Root!Crown Pect | parance
' ' 1
) 1 ]
] 1] ]
' H '
8A 1 1.103 1.184 083 N 85.7 % 86 «x 1.24 x FP,N
|
[}
{
]
)

€C 1 1.105 1.135 080 N 85. .40 x 1.31 x PPN
'

7
2
9
8D E 1.103 1.183 080 N 85.6 %
6
5

gE f 1103 1183 .00 N 85.6%19.58 x 152 x  ppy
eF g 0.935 0.932 048 N 61.5 % g T4 % 1.70 % poy

8¢ { 1.184 1.262 .198 v fl .63 % 1.14 0.75 Pp.ET.N
8H f 0.979 1.084 .105 N 76.1% g 00 * 1.25 x  ppy

eI f 0.976 1.081 .105 N 75 8% f 3.38 * 1.85 %  pp.

&J f 0.977 1.082 .105 N 75.g% g 9.20 *x  1.17 % pr.p

8K { 0.977 1.082 105 N 7.9 1932 % 1.02 % pp

8L f 0.972 1.078 .104 N 76 5% g 3.78 % 1.30 PN

8 f 0.883 0.973 .024 N &7 4 f 7.87 x  1.11 %  ppoy

8N { 1.059 1.182 .123 N 87.0% g 8.23 x x  x  ppp

Materal : 174" (6.35mm) 2219-T87 Aluminum (8A-8G)
1/4"(6.35zm) A38 Mild Steel (8H-8N)

8
et
N
[}

= Power obscrbed by workpiece.

= Latent power of Workpiece.

8

Conduction loss in workpisce (= QORIG-QM).

8
&

These values are calculated by the modsl
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